EDITORIAL 


ou 


891 India’s “Science for All” Academy 
Raghunath Mashelkar 
>> News section p. 904 


NEWS OF THE WEEK 
896 Aroundup of the week’s top stories 


NEWS & ANALYSIS 

899 WHO Group: H5N1 Papers 
Should Be Published In Full 
>> See all H5N1 coverage online at 
Attp://scim.ag/_h5n1 


900 = Scientists Decry Cuts That Would 
Doom ExoMars Missions 

901 Bigger Contribution to ITER Erodes 
Domestic Fusion Program 

902 Advocates Win ‘Exceptional’ Boost 
for Alzheimer’s Research 


903 Kansas Veterinary Biosecurity Lab 
Trampled in Spending Plan 


NEWS FOCUS 
904 | SCIENCE IN INDIA 
India Rising 


Ad Astra, With a ‘Uniquely Indian Flavor’ 
Crowd-Sourcing Drug Discovery 

Drawing a Bead on India’s Enigmatic Monsoon 
>> Science Podcast 


907 | India’s Scholar—Prime Minister 


Aims for Inclusive Development 
>> Editorial p. 891 


LETTERS 


915 Uniting Church and Science 
for Conservation 
C. L. Cardelus et al. 


BOOKS ET AL. 


920 The Sounding of the Whale 
D. G. Burnett, reviewed by G. Mitman 


921 Charles R. Knight 
R. Milner, reviewed by M. A. Parrish 


POLICY FORUM 


922 Preserving Montreal Protocol Climate 
Benefits by Limiting HFCs 
G. J. M. Velders et al. 


PERSPECTIVES 
924 Some Like It Hot 
FA. Smith 


>> Report p. 959 


925 Frictional Dissipation— 
Blame It on the Rain 
D. M. W. Frierson 
>> Report p. 953 
926 Cell Death by Glutamine Repeats? 
C. D. Link and T. K. Saldi 
>> Report p. 970 
928 Howa Neurotoxin Survives 
M. Adler 
>> Report p. 977 
929 Solving Amorphous Structures— 
Two Pairs Beat One 
J. M. Gibson 
>> Report p. 950 
930 Mendelian Puzzles 
A. Chakravarti and A. Kapoor 
>> Report p. 966 


SCIENCE PRIZE ESSAY 


932 A Season for Inquiry: Investigating 
Phenology in Local Campus Trees 
T. Long and S. Wyse 


page 907 


. . page 920 
Growing Need for Agriculture Experts : 
7 Volenecet al. CONTENTS continued >> 
Demography’s Role in 
Sustainable Development 
W. Lutz et al. 
918 CORRECTIONS AND CLARIFICATIONS 
918 TECHNICAL COMMENT ABSTRACTS 
COVER DEPARTMENTS 
An agricultural outreach educator visits a village in rural 888 This Week in Science 
Andhra Pradesh, India. India aims to double the research and 892 Editors’ Choice 
development share of its economy and engage a broader swathe 894 Science Staff 
of its 1.2 billion citizens in science and technology. See an 935 AAAS News & Notes 
interview with Prime Minister Manmohan Singh (page 907), 997 New Products 
an Editorial by Raghunath Mashelkar (page 891), and a 998 Science Careers 


special News package (beginning on page 904). 
Photo: Pallava Bagla 


www.sciencemag.org SCIENCE VOL 335 24 FEBRUARY 2012 885 
Published by AAAS 


CONTENTS 


page 932 


US rs 


page 936 


pages 926 & 970 


886 


REVIEW 


936 


Disease Tolerance as a Defense Strategy 
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Extremely Long-Lived Nuclear Pore 
Proteins in the Rat Brain 

J. N. Savas et al. 

Individual components of rat brain nuclear 
pores can be almost as old as the animal 
itself. 
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Evolution of Shape by Multiple Regulatory 
Changes to a Growth Gene 

D. W. Loehlin and J. H. Werren 

The comparison of two closely related parasitoid 
wasps reveals the genetic bases for differences 
in size and shape of the Nasonia wings. 
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Field-Effect Tunneling Transistor Based 

on Vertical Graphene Heterostructures 

L. Britnell et al. 

Boron nitride or molybdenum disulfide layers 
sandwiched between graphene sheets act as 
tunneling barriers to minimize device leakage 
currents. 


The Local Structure of Amorphous Silicon 
M. M. J. Treacy and K. B. Borisenko 
Amorphous silicon is more accurately 
described by a paracrystalline model, not 
the idealized continuous random network. 
>> Perspective p. 929 


Satellite Estimates of Precipitation- 
Induced Dissipation in the Atmosphere 
O. Pauluis and J. Dias 

Falling precipitation rivals turbulence 

in dissipating atmospheric energy. 

>> Perspective p. 925 


Collapse of Classic Maya Civilization 
Related to Modest Reduction in 
Precipitation 

M. Medina-Elizalde and E. J. Rohling 

The fall of Maya civilization occurred over two 
centuries when droughts reduced precipitation 
by up to 40 percent annually. 


Evolution of the Earliest Horses Driven by 
Climate Change in the Paleocene-Eocene 
Thermal Maximum 

R. Secord et al. 

Oxygen isotope measurements of fossil teeth 
show that the body size of the horse Sifrhippus 
decreased as temperature increased. 
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One-Time Transfers of Cash or Capital 
Have Long-Lasting Effects on 
Microenterprises in Sri Lanka 

S. de Mel et al. 

Small businesses run by the urban poor enjoy 
greater profits and longevity 5 years after 
receiving a helping hand. 


Evolutionarily Assembled cis-Regulatory 
Module at a Human Ciliopathy Locus 

J. H. Lee et al. 

Mutation in either of a pair of neighboring, 
coordinately expressed genes causes 
indistinguishable human disease. 

>> Perspective p. 930 


Control of Nonapoptotic Developmental 
Cell Death in Caenorhabditis elegans 
by a Polyglutamine-Repeat Protein 

E. S. Blum et al. 

A nematode protein containing runs of the 
amino acid glutamine, like some linked to 
neurodegeneration, causes cell death. 
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The Robustness and Restoration of a 
Network of Ecological Networks 

M. J. O. Pocock et al. 

Analysis of seven interconnected networks on 
a farm reveals that they vary in their fragility, 
but that they do not covary. 

>> Science Podcast 


Botulinum Neurotoxin Is Shielded by 
NTNHA in an Interlocked Complex 

S. Gu et al. 

Structural and biochemical studies show 
how a bacterial toxin protects itself against 
digestion in the gut. 

>> Perspective p. 928 


Single-Molecule Fluorescence Experiments 
Determine Protein Folding Transition 

Path Times 

H. S. Chung et al. 

Quickly and slowly folding proteins take 

the same time to cross the barrier from 

the unfolded to the folded state. 


The Alarmin Interleukin-33 Drives 
Protective Antiviral CD8* T Cell Responses 
W. V. Bonilla et al. 

A danger signal released from dying cells 

is required for antiviral immunity in mice. 


The Cellular Basis of GABA,-Mediated 
Interhemispheric Inhibition 

L. M. Palmer et al. 

Coordinating the right and left sides 

of the brain is mediated by the inhibition 
of activation in neuronal dendrites. 
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Seroevidence for H5N1 Influenza Infections 
in Humans: Meta-Analysis 

T. T. Wang et al. 

One to two percent of 14,000 people tested in 20 
studies showed evidence of prior H5N1 infection. 
10.1126/science.1218888 

>> See all H5N1 coverage online at 
http://scim.ag/_h5n1 


Glucocorticoids Can Induce PTSD-Like Memory 
Impairments in Mice 

N. Kaouane et al. 

The infusion of a stress hormone produces fear 
responses to cues that were not associated with 
the traumatic event itself. 
10.1126/science.1207615 


A Bruce Effect in Wild Geladas 

E. K. Roberts et al. 

Long-term field studies show that female monkeys 
improve their fitness by terminating their pregnancies 
when a new male becomes dominant. 
10.1126/science.1213600 


Coherent Sensing of a Mechanical Resonator 
with a Single-Spin Qubit 

S. Kolkowitz et al. 

The spin of a nitrogen vacancy defect in diamond 
is used to sense the motion of a magnetized 
microresonator. 

10.1126/science.1216821 


The Role of Driving Energy and Delocalized States 
for Charge Separation in Organic Semiconductors 
A. A. Bakulin et al. 

Bound excited charge carriers achieve long-range 
separation by promotion to delocalized band states. 
10.1126/science.1217745 
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Comment on “Lévy Walks Evolve Through 
Interaction Between Movement and 
Environmental Complexity” 

V.A. A. Jansen et al. 

Full text at www.sciencemag.org/cgi/content/ 
full/335/6071/918-c 


Response to Comment on “Lévy Walks Evolve 
Through Interaction Between Movement 

and Environmental Complexity” 

M. de Jager et al. 

Full text at www.sciencemag.org/cgi/content/ 
full/335/6071/918-d 
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A Practical Blueprint for a Low-Carbon 
Electric World? 

‘Transformative’ technologies may wean the 
world from fossil fuel—based electricity. 
http://scim.ag/Electric_World 


Nuclear Reactors Not Needed to Make 
the Most Common Medical Isotope 

A new technique uses a medical cyclotron 
to produce radioisotopes. 
http://scim.ag/Medical_Isotope 
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Some fishing agreements are not what they seem. 
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RESEARCH ARTICLE: RGS Proteins Maintain 
Robustness of GPCR-GIRK Coupling by Selective 
Stimulation of the G Protein Subunit Go, 

H. Chuang and A. Y. Chuang 

Opposing actions of RGS proteins both stimulate 
and inhibit G proteins to modulate the amplitude 
and kinetics of the downstream response. 


RESEARCH ARTICLE: Inhibition of Autophagy 
Ameliorates Acute Lung Injury Caused by Avian 
Influenza A H5N1 Infection 

Y. Sun et al. 

Blocking autophagy reduces the extent of lung 
damage and decreases mortality in mice infected 
with the H5N1 strain of avian influenza. 


PERSPECTIVE: Semaphorin Signaling Meets Rap 
J. L. Bos and W.-]. Pannekoek 

Semaphorin binding stimulates the ability of plexin 
receptors to inhibit the GTPase Rap1, thereby 
enabling neurite retraction. 


PRESENTATION: TGF-B Signaling in 
Endothelial-to-Mesenchymal Transition— 
The Role of Shear Stress and Primary Cilia 
P. ten Dijke et al. 

The loss of primary cilia is a prerequisite for 
flow-induced endothelial-to-mesenchymal 
transition in heart development. 


GLOSSARY 
Find out what 4E-BP, DEAD, and elF4E mean 
in the world of cell signaling. 
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Integrating Medicine and Science 

22 February issue: http://scim.ag/stm022212 


RESEARCH ARTICLE: First-in-Human Testing of a 
Wirelessly Controlled Drug Delivery Microchip 
R. Farra et al. 

A wireless microchip-based device implanted in 
humans delivers a drug for treating osteoporosis. 


EDITORIAL: Reengineering Device Translation 
Timelines 

J. Watson 

Innovative engineering will shorten the translational 
timeline from concept to clinical application for 
medical devices. 


RESEARCH ARTICLE: MicroRNA-21 Blocks 
Abdominal Aortic Aneurysm Development and 
Nicotine-Augmented Expansion 

L. Maegdefessel et al. 

miR-21 modulates abdominal aortic aneurysm 
development by regulating cell proliferation and 
apoptosis. 
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RESEARCH ARTICLE: Breast Cancer—Associated 
Abraxas Mutation Disrupts Nuclear Localization 
and DNA Damage Response Functions 

S. Solyom et al. 

A germline mutation in the Abraxas gene impairs 
the BRCA1 DNA damage response in familial breast 
cancer. 


COMMENTARY: Recalibrating Intellectual 
Property Rights to Enhance Translational 
Research Collaborations 

T. Bubela et al. 

New collaborative models of therapeutic research 
and development require active governance of 
intellectual property rights to enable sharing. 
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Experimental Error: I've Got Your 

Impact Factor Right Here 

A. Ruben 

The Journal of Negative Results is only the beginning. 
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Stepping Out of Big Pharma’s Shadow 

M. Price 

As big-pharma jobs disappear, pharma scientists are 
landing at start-ups, launching their own, or joining 
academia. 
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E. Pain 

Chemist Andrew McElroy got the idea for his 
company the day he was told he would likely 
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and early horse evolution, the state of science in 
India, and more. 
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Enduring Tolerance 


During an infection, the host organism deploys 
multiple defense strategies. Disease resistance, 
the process by which the immune system 
decreases pathogen burden is perhaps the most 
well-known, and certainly the mechanism that 
is best studied and understood. Other defense 
strategies range from pathogen avoidance, 
through tolerance of pathogen-induced tissue 
damage, and endurance of the overall patho- 
gen burden. Medzhitov et al. (p. 936) review 
the concept of disease tolerance and suggest 
that particularly in animals, it is an overlooked 
mechanism of host defense. 


Tunnel Barriers for 
Graphene Transistors 


Transistor operation for integrated circuits not 
only requires that the gate material has high- 
charge carrier mobility, but that there is also an 
effective way of creating a barrier to current flow 
so that the device can be switched off and not 
waste power. Graphene offers high carrier mobil- 
ity, but the shape of its conduction and valence 
bands enables electron tunneling and makes 

it difficult to achieve low currents in an “off” 
state. Britnell et al. (p. 947, published online 2 
February) have fabricated field-effect transistors 
in which a thin tunneling barrier created from a 
layered material—either hexagonal boron nitride 


or molybdenum 


disulfide—is 


sandwiched 
Paracrystalline 


between graphene 
sheets. These de- 
vices exhibit on-off 
switching ratios of 
~=50 and ~10,000, 
respectively, at 
room temperature. 
Amorphous silicon has traditionally been 
represented by a continuous random network 
model in which there is no long-range ordering 
for the atoms, and some have less than fourfold 
coordination, which form dangling bonds—a type 
of defect. Treacy and Borisenko (p. 950; see the 
Perspective by Gibson) used fluctuation electron 
microscopy to explain that models including 
regions of crystalline order are needed to fit the 
observed local variations in structure. Thus, on 
the 1- to 2-nanometer-length scale, this material 
should be thought of as having a paracrystalline 
structure containing localized crystalline regions. 


Warming and Shrinking 


In most mammals, individual body sizes tend 
to be smaller in warmer regions and larger 
in cooler regions. Secord et al. (p. 959; see 
the Perspective by Smith) examined a high- 


resolution 175,000-year record of equid fossils 
deposited over a past climate shift—the Paleo- 
cene-Eocene Thermal Maximum—for changes# 


in body size. Using oxygen isotopes collected 


from the teeth of co-occurring mammal species® 
to track prevailing environmental temperature, 


a clear decrease in equid body size was seen 


during 130,000 years of warming, followed by 


a distinct increase as the climate cooled at the 
end of the period. These results indicate that 


temperature directly influenced body size in the 


past and may continue to have an influence as 
our current climate changes. 


How Dry They Were 


How much rainfall failure contributed to the 
disintegration of classical Maya civilization? 
Medina-Elizalde and Rohling (p. 956) ana- 
lyzed records from three lakes and a stalag- 
mite from the Yucatan Peninsula to quantify 
the change in precipitation that the region 
experienced between 800 to 1000 years A.D. 
Precipitation decreased episodically for up to 
a decade at a time and in total by as much 

as 40% during the 200 years of the civiliza- 
tion’s fall, probably as a result of a reduction 
in summer tropical storm rainfall. This finding 
highlights the sensitivity of this region to mod- 
est reductions of rainfall that are projected by 
some climate model. 


Cashing Up 


Do small businesses in developing economies 
benefit from an infusion of cash or of capital, 
such as inventory or materials, and is the effect 
a momentary blip or a sustained expansion? 
De Mel et al. (p. 962) have extended their 
study of one-time cash or capital transfers to 

a group of randomized business owners in Sri 
Lanka to look at the status of the businesses 

5 years later and find an increased likelihood 
of survival and higher profits for male-owned 
enterprises, but no significant effects on female- 


owned businesses. The authors suggest that 
capital transfers are more likely to be used by 
male-owned firms to grow the business, but 
more likely to be “cashed-out” from female- 
owned firms and diverted to household uses. 


Distinguishing Ciliopathy 


Cilia were once thought to be evolutionary rem- 
nants, but structural defects reveal their impor- 
tance in signaling pathways and human disease, 
such as Joubert syndrome. Either of the genes 
TMEM138 and TMEM216 can be found mutated 
in phenotypically indistinguishable ciliopathy pa- 
tients. Interestingly, despite their lack of sequence 
homology, these genes have always been aligned 
in head-to-tail configuration during vertebrate 
evolution. The proteins expressed by these genes 
mark distinct tethered vesicles, which differen- 
tially carry ciliary proteins for assembly. Lee et 
al. (p. 966, published online 26 January; see the 
Perspective by Chakravarti and Kapoor) show 
that the coordinated expression of these adjacent 
genes depends upon a coevolved regulatory ele- 
ment in the noncoding intergenic region, which 
thus integrates the roles of both gene products. 
This discovery explains not only the indistinguish- 
able pathogenesis of the patients’ genotypes but 
also how the evolutionary clustering of genes 
unrelated in sequence may correlate with coordi- 
nated control of expression and function. 
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This Week in Science 


Death for Development 


Cell death is critical for animal development and for the promotion of gastrulation, as well as for 
sculpting tissues. Although cell death by apoptosis is essential in some invertebrates, genes promoting 
apoptosis in the mouse are not required for viability. This surprising observation prompted investiga- 
tions by Blum et al. (p. 970; see the Perspective by Link and Saldi), who have discovered a nonapop- 
totic developmental cell death process mediated by a polyglutamine-repeat protein in the nematode 
worm Caenorhabditis elegans. This form of cell death is morphologically similar to cell death occurring 
during vertebrate development, particularly cell death accompanying polyglutamine-dependent 
neurodegeneration. 


Networks of Networks 


Quantitative networks, such as those represented by food webs, have become an important way of 
investigating the structure of ecological communities, but thus far only encompass a small subset 
of species. Pocock et al. (p. 973) have linked seven different types of ecological networks to form 
a network of networks. They found that although networks varied in their robustness to species loss, 
they did not strongly co-vary; that is, what happens to one network is unrelated to what happens 

to another. The networks studied were identified from an agroecosystem in the southwestern UK, 

a habitat in which biodiversity has suffered substantially. This study succeeded in revealing which 
species are potential targets for restoration of ecological function in this and other systems. 


Winging It 


Genes that explain phenotypic variation between species have only 
been identified within a handful of model organisms, which limits 
the scope and understanding of the genetics of phenotypic diver- 
sification. On investigating the phenotypic diversity in wing size 
among wasps of the genus Nasonia, Loehlin and Werren 

(p. 943) have identified the genetic basis of a morphological 
difference between two closely related species and showed 

how changes in regulatory elements have evolved to change expres- 
sion of a single gene, unpaired-like (upd-like), a functionally conserved 
signaling gene. Overall, it appeared that significant morphological change was 
achieved through a series of relatively rapid, but small-scale changes. 


A Fraction of Folding 


An energy barrier has to be crossed as a protein transforms between folded and unfolded states. 
Molecular dynamic simulations have observed sharp transitions, with barrier crossing times of less 
than a microsecond, a fraction of the total folding time; however, this time range has been inacces- 
sible to single-molecule experiments. Chung et al. (p. 981) described single-molecule fluorescence 
experiments that allowed measurement of the transition-path time for a fast-folding protein and to 
reduce the upper bound for a slow-folding protein. Although the folding rates differed by a factor 
of 10,000, the transition-path times differ by less than a factor of 5, pointing to energy landscape 
theory for the explanation. 


Sound the Alarm 


When small protein fragments or nucleic acids derived from an invading pathogen are detected by 
pattern recognition receptors on immune cells, the innate immune response is triggered. This event 
activates cells of the adaptive immune system, and together, both responses clear the infection. Infec- 
tions also induce the release of “danger-associated molecular patterns,” or alarmins, from the host as 
a result of tissue damage. Whether these are also important for the ensuing immune response is less 
clear. Bonilla et al. (p. 984, published online 2 February) report that the alarmin, interleukin-33, is 
required for optimal cytotoxic CD8* T cells responses and antiviral immunity in mice. In virus-infected 
mice deficient in IL-33 or its receptor, IL-33 is essential for signaling CD8* T cells to expand, produce 
multiple cytokines and acquire cytotoxic capabilities. These results showed that endogenous material, 
independently of pathogen-derived molecules, are also required for antiviral immunity. 
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India’s "Science for All" Academy 


IN 1905, SIR WILLIAM OSLER, THE MOST INFLUENTIAL PHYSICIAN OF HIS TIME, STEPPED DOWN 
from the medical faculty of Johns Hopkins University at the age of 55. At his farewell, he 
emphasized that the “effective, moving, vitalizing work of the world is done between the 
ages of 25 and 40—these 15 golden years of plenty.” Many of us, who are old but still active 
like myself, may like to strongly disagree. But the power of the creative prime in this age 
group is irrefutable. Therefore, when the Global Young Academy was established in 2010 to 
catalyze the formation of national Young Academies that promote leadership by a country’s 
most outstanding scientists aged 30 to 40 (www.globalyoungacademy.org), it was enthusias- 
tically applauded by the international science community. One country that urgently needs 
a Young Academy is India, a nation of 1.2 billion people, 55% of whom are under 25 years 
old. What would be a good design for a Young Academy of India? 

After experiencing stagnation over the past decade, Indian science 
is showing signs of a great recovery. But it continues to deal with its 
frustrating contradictions. India's Moon mission Chandrayan- | led to 
the detection of water on the Moon, yet rural Indian women continue 
to walk kilometers each day in search of water. To achieve her quest 
for growth and innovation that include the entire population, India 
does not need yet another science academy. She needs a “science for 
all” academy. By this I mean an academy that simultaneously pursues 
a quest for both excellence and relevance. Indian science should not 
be judged only by the “H index,” which aims at a global measure of 
excellence, but also by an “I index,” which should measure the abil- 
ity to provide Indian solutions to the specifically Indian problems of 
800 million resource-poor people. 

Are young Indian scientists ready to accept this challenge? The 
answer is a resounding yes. India’s Council of Scientific and Indus- 
trial Research launched its Open Source Drug Discovery challenge in 2008. Since then, the 
3000 young graduate student participants have made some breathtakingly creative contri- 
butions, ranging from increasing our understanding of Mycobacterium tuberculosis to the 
synthesis of novel compounds that could lead to drugs for tuberculosis treatment. Tech- 
pedia (www.techpedia.in/) has posted over 100,000 undergraduate projects by students 
in their early 20’s, the majority of which reflect their impatience with crippling societal 
problems. I witnessed this impatience in rural Maharashtra last month: Vidarbha has 
the highest incidence of farmer suicides, and the young scientists there asked me only 
one question: What can scientists do to stop these suicides? So there is a community of 
energetic and compassionate young Indian scientists with great passion in their bellies. 
And this community is set to grow exponentially, as India’s Innovation in Science Pursuit 
for Inspired Research (INSPIRE) scheme aims to support a whopping | million science 
students by the end of 2013. 

India should be listening seriously to its future scientific leaders. Yet, disappointingly, 
young scientists have no venue in which to express their views on the big questions facing 
India—from the huge recent controversy about genetically modified eggplant, to the public 
protests at Jaitapur regarding new nuclear power plants. Nor have young researchers been 
involved in the design of the Indian Planning Commission's 12th 5-year (2012-2017) plan 
on science and technology. A new Young Academy should, therefore, provide an influential 
voice for the next generation of Indian scientists. This Young Academy should be borderless, 
taking the disciplines of the natural sciences, engineering, social sciences, arts, and humani- 
ties into its fold; and dynamic, harnessing the power of technology and social media. And 
it should have a mind of its own, with a constantly questioning, “yes, we can” mindset. The 
youth of India are ready for a Young Academy. It’s time to get to work to form it. 

— Raghunath Mashelkar 
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Assessing the Assessments 


Though a modern-day Galileo may still woo 
an occasional Medici patron to support his 
research, a vast number of scientists depend 
on much more bureaucratic means to keep 
their labs running. Since 1986, when the UK 
Research Assessment Exercise was launched, at 
least 14 countries have implemented systems 
to distribute research funding to universi- 
ties based on evaluation of research output. 
These have been motivated by the increasing 
importance of research to economic growth, as 
well as broader interests in improving public 
management. Hicks analyzes the systems’ 
rationale, design, and impact. There is a range 
of assessments (e.g., citation analysis, peer 
review), across a range of scales (e.g., uni- 
versity, department, individual), that affect a 
range of funding outcomes (e.g., 25% of UK 
research support, 2% of Italian block grants). 
Although distribution of research funding is 
the putative purpose, direct financial impacts 
appear small compared to incentives to com- 
pete for public prestige. Some values widely 
associated with universities, such as diversity 
and equity, may suffer under systems focused 
solely on excellence and international competi- 
tion. Though touted as critical to economic 
success, the systems do not appear to be well 
designed to meet that goal. — BW 

Res. Policy 41, 251 (2012). 


Small Sources of Sweetness 


The sucrose sourced from sugarcane to sweeten 
our tea and cake—and more recently, to foster 
ethanol as a transportation fuel—is the same 
molecule produced by many microorganisms that 
potentially face fewer cultivation constraints. The 
trouble is that the microbes don’t release their 
sugar easily. Ducat et al. noted that heterotro- 


VIROLOGY 


Replication Restricted 


Despite its deadly nature, HIV-1 is quite limited in the types of cells that it can infect. HIV-1 
primarily infects CD4* T cells but not many myloid-derived immune cells. This is because most 
myeloid-derived cells express the viral restriction factor SAMHD1. Although this may seem 
like an advantage to the host, the virus actually gains the upper hand because it can escape 
detection by the innate immune system. In support of this, HIV-2 and some SIV strains that 
do not cause such severe pathology express Vpx, which counteracts the effects of SAMHD1. 
Little is known, however, about how SAMHD1 prevents HIV-1 infections from taking hold. 
Lahouassa et al. noted that SAMHD1 shares homology with a protein from Enterococcus fe- 
calis that has nucleotide metabolism activity. Using a variety of in vitro analyses, they found 
that SAMHD1 exhibited phosphohydrolase activity for dNTPs and regulated the pool of dNTPs 
in myeloid-derived cells. SAMHD1 expression lowered the concentration of dNTPs below what 
is required for productive reverse transcription by HIV-1, thereby blocking infection. Thus, 
regulation of nucleotide pools may be a means by which cells regulate their susceptibility to 


viral infection, but hidden benefits for the virus may be lurking, too. — KLM 


phic and autotrophic bacteria induce oppositely 
directed transmembrane proton gradients, and 
as such, a gradient-dependent native transporter 
that pulls sucrose into the former might expel 
it from the latter. They therefore expressed this 
sucrose permease in Synechococcus elongatus 
cyanobacteria—known to produce sucrose under 
osmotic stress—and indeed collected 
the sugar in the medium. Furthermore, 
strains incorporating the transporter 
manifested enhanced photosynthetic 
productivity, as assessed by measuring 
oxygen evolution rates and fixation 
of *C-labeled tracers. Though scale- 
up presents a range of challenges, 
extrapolation of the laboratory results 
suggests prospective sucrose productivi- 
ties on par with or even exceeding that 
of sugarcane. — JSY 

Appl. Environ. Microbiol. 78, 10.1128/ 

AEM.07901-11 (2012). 


Nat. Immunol. 13, 10.1038/ni.2236 (2012). 


Fructose Sweetens the Deal 


Glucose, a metabolic product of dietary sucrose, 
triggers pancreatic beta cells to release insulin, 
which in turn allows many different cells types 
to take up glucose to store or use as energy. The 
other breakdown product of sucrose is fructose, 
and Kyriazis et al. report that it too plays a role 
in controlling insulin release. Fructose activates 
a sweet taste receptor (the TIR2-TIR3 heterodi- 
mer) expressed by mouse and human beta 
cells. This enhances the effect of glucose on in- 
sulin release. Mice injected with fructose (or sac- 
charine, another taste receptor ligand) showed a 
rapid increase in circulating insulin, but only if 
functional taste receptors were present and only 
if glucose stimulated beta cells as well. 
Fructose-activated sweet taste receptors 
signal through a phosphoinositide pathway, 
which elevates cytoplasmic Ca** concentration 
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and depolarizes the membrane via a cation 
channel, TRPMS5. Functional interaction between 
these two pathways is not yet clear, but because 
TRPMS has been implicated in glucose-stimu- 
lated insulin secretion, it may be a convergence 
point. Whatever the mechanism, these findings 
may have implications for the link between high 
fructose consumption and the development of 
metabolic diseases such as obesity 
and diabetes. — LC 

Proc. Natl. Acad. Sci. U.S.A. 109, 10.1073/ 

pnas.1200797109 (2012). 


The Reading Brain 
Developmental dyslexia, which manifests as 
difficulty with reading, can have long-lasting 
and detrimental effects on a child's experience 
with education, with echoes that persist long 
into adulthood. Raschle et al. have leveraged 
the indications of familial risk for dyslexia to 
distinguish differences in brain structure present 
before reading from those that arise after the 
battle with reading difficulties is well engaged. 
The authors studied a total of 36 5-year-old 
children, all pre-literate, characterized by 
whether or not their family had a 
history of dyslexia. Even at these 
pre-reading ages, functional 
brain imaging revealed an 
aberrant signal similar to that 
found in older children with 
a confirmed diagnosis of 
dyslexia. Development of 
the brain network support- 
ing phonological process- 
ing appeared to be delayed. 
On the other hand, the two 
groups of children showed no 
difference in other networks 
that are hyperactivated when 
persons with dyslexia are reading. 
Those networks may instead represent 
compensation brought into play in the 
struggle to defeat reading difficulties. — PJH 
Proc. Natl. Acad. Sci. U.S.A. 109, 2156 (2012). 


Getting the Rubric Right 


Despite the growing popularity of online learning, 
how to grade online discussions remains a chal- 
lenge. Simply modifying existing grading rubrics 
can be problematic, because the format of online 
learning discussions differs from that of tradi- 
tional classroom work. To evaluate the value of a 
clearly defined online learning grading rubric, or 
scoring tool, Solan and Linardopoulos developed 
a rubric that took into account the quantity and 


quality of posts, timeliness of participation, and 
communication proficiency, and then surveyed 
undergraduate and graduate student perceptions. 
Results indicated that although students are 
appreciative that a rubric is available, most did 
not consult it while contributing to online discus- 
sions. Teachers therefore may need to emphasize, 
review, and clearly link the rubric to grades 
assigned throughout the duration of the course. 
Students also reported that such a tool needs 
to be dynamic, because despite attempts to be 
comprehensive, unexpected scenarios will prob- 
ably occur. Whether such a tool led to increased 
student learning is unknown, and, along with 
faculty perceptions of the rubric’s value, should 
be a topic of future research. — MM 

J. Online Learn. Teach. 7, 452 (2011). 


Swifter than the Sun 


Stars form from the gravitational collapse of 
clouds of gas and dust. Before they attain a 
stable radius, they spin faster and faster as they 
contract, much like a spinning ice skater does as 
she folds her arms to her body. After gravita- 
tional collapse stops, stars start 
slowing down because 
of magnetic brak- 
ing—the loss of 
stellar angular 
momentum as 
material gets 
removed 
from the star 
because of a 
magnetized 
stellar wind. 
Stars thus 
start as fast 
rotators and 
then slow down 
as they age. Current 
theories of angular 
momentum evolution repro- 
duce the rotation data for Sun-like stars, but 
fail to account for those with masses lower than 
half that of the Sun. These very low-mass stars 
don’t seem to slow down with age as much as 
expected, and the lower their masses, the faster 
they rotate at a given age. Reiners and Mohanty 
reexamined the theories of angular momentum 
evolution for low-mass stars, and show that 
angular momentum evolution must depend on 
stellar radius if the rotation of a star is related 
to its magnetic field strength. Stars with lower 
masses have smaller radii and lower magnetic 
braking efficiencies, meaning that they will take 
longer to slow down. — MJC 
Astrophys. J. 746, 43 (2012). 
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Lausanne, Switzerland 1 


Swiss Satellite Would Clean Up 
Space Debris 


Space researchers in Switzerland are seek- 
ing funding to build a spacecraft, dubbed 
CleanSpaceOne, that would help reduce 
space debris in orbit around Earth. The 
spacecraft would home in on a redundant 
satellite, grab it, and drag it down to burn up 
when reentering the atmosphere. 
Researchers at the Swiss Space Center 
at the Ecole Polytechnique Fédérale de Lau- 
sanne have been working on the necessary 


n on space debris. 
ili 


a 
technology for 3 years, says Swiss Space 
Center Director Volker Gass. He also says 
the spacecraft would cost an estimated 

$11 million to build and launch and could 
be ready between 2015 and 2017. 

Using cameras, the semiautomatic probe 
would identify the target satellite and use ion 
microthrusters to move next to it and capture 
it. The combined object will have a new cen- 
ter of gravity, so the probe has to stabilize the 
trajectory and then guide itself onto a curve 
toward the atmosphere. 

The probe’s potential first target would be 
a picosatellite called SwissCube, launched 
in 2009. “Switzerland is a country that likes 
to keep things clean,” Gass says. “So we 
decided to first get our own satellite down.” 
http://scim.ag/cleanspace 


Ethiopia, Ghana, and Tanzania 2 


Gates Foundation Funds African 
Agricultural Impact Monitoring 
By boosting farm yields, Asia’s green revo- 
lution of the 1960s and 1970s prevented 
millions of people from starving. But it also 
created social and environmental problems, 
such as contamination of ground water, in 
some places. To help Africans avoid mak- 
ing the same mistakes, the Gates Foundation 
today announced a $10 million grant over 
3 years to monitor the effects of agriculture 
on people and the environment. 
Conservation International (CI) will set 
up computer infrastructure to handle data 
collected in Tanzania, Ethiopia, Ghana, 
and two other African countries that are not 
yet determined. With Columbia University 
and the Council for Scientific and Indus- 
trial Research in South Africa, CI will give 
money to local universities, museums, and 
other institutions to gather information—on 
the ground and via remote sensing—about 
agriculture, ecosystems, and human well- 
being in five regions each roughly the size 
of Oregon. All of these data will be synthe- 
sized into a half-dozen indicators that will be 
relevant to policymakers. “We want to move 
forward quickly in implementing this,” says 
Sandy Andelman, director of the Tropical 
Ecology, Assessment and Monitoring Net- 
work at Conservation International. 


Washington, D.C. 3 

Journals Warned Not to Publish 
Diesel Exhaust Studies 

At least four journals have been warned by 
an attorney this month to hold off distribut- 
ing health data they may have under review. 


The admonition—which concerns a large 
US. study of the effect of diesel exhaust on 


miners’ lungs—came from Henry Chajet, an 
attorney at the Patton Boggs firm in Wash- 
ington, D.C., and lobbyist for the Mining 
Awareness Resource Group, an industry 
coalition. Editors at two U.K.-based publi- 
cations—Occupational and Environmental 
Medicine and The Annals of Occupational 
Hygiene—say they and others received a 
letter from Chajet advising against “‘publi- 
cation or other distribution” of the Diesel 
Exhaust in Miners Study (DEMS) until it 
is vetted by Chajet’s industry clients and a 
U.S. House committee. 

Chajet and others involved in the DEMS 
fracas, including researchers, declined to 
comment, as a court decision is pending. 
DEMS has been entangled in litigation 
almost from its start in 1992. The mining 
coalition has argued that DEMS is flawed, 
and it won a court order enforcing their 
right to preview data for 90 days before 
publication. DEMS leaders have argued 
against the restrictions in the U.S. Court 
of Appeals in New Orleans, Louisiana. 

A ruling is expected soon. 
http://scim.ag/dieselstudies 


NEWSMAKERS 
MIT President Stepping Down 


The first woman and first biologist to run 
the Massachusetts Institute of Technol- 
ogy (MIT) announced last week that she is 
stepping down as presi- 
dent after 7 years. Susan 
Hockfield, who turns 

61 next month, said ina 
statement that this is “an 
opportune moment for 

a leadership transition,” 
in part because the uni- 
versity is planning a new 
fundraising campaign that will require the 
“full focus” of MIT’s president for years. 
Hockfield will stay on until the next presi- 
dent takes office. 

Hockfield came to MIT from Yale Uni- 
versity, where she spent 20 years studying 
brain development and brain tumors and 
served as provost. MIT recruited her after a 
damning internal report, publicly released 
in 1999, charged that women at MIT 
often faced career roadblocks. Hockfield’s 
appointment was also noteworthy because 
the engineering powerhouse had traditionally 
looked to engineers to lead it. 

During her MIT tenure, Hockfield helped 
raise almost $3 billion. She also worked to 
get engineers and life scientists to collabo- 


Hockfield 
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rate, and helped launch the MIT Energy 
Initiative in 2006. It conducts research into 
alternative energy sources and better ways 
to use existing ones. She also focused on 
boosting diversity at MIT, from undergradu- 
ates to faculty. 


FINDINGS 


Elephant Footsteps Reveal 
Ancient Herd Behavior 


When a herd of elephant ancestors walked 
through mud in the Arabian Desert about 

7 million years ago, they unwittingly left 
their footprints—and clues about their 
behavior—behind. Those prints now expose 
how the herd behaved: Just like modern 
elephants, they followed a female leader. 


On track: Ancient 
elephants followed 
ayfemale leader. 


The remarkable 260-meter-long track- 
way, made by at least 13 proboscideans 
of different sizes, is at the site of Mleisa 
aA in the Al Gharbia region of Abu Dhabi 
2 Emirate. Using a kite-mounted camera to 
= take aerial photographs of the footprints, 
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jolt-inducing features like railroad crossings. 


railroad crossing). 


an international team of researchers, with 
the support of the Abu Dhabi Authority for 
Tourism and Culture, analyzed the prints’ 
stride lengths and patterns. One solitary 
trackway was made by a large male travel- 
ing in a totally different direction from the 
other, smaller animals, according to a study 
in this week’s Biology Letters. This “fossil- 


Road Scholars Solve Pothole Problem 


The streets of Boston have met their match. This week, 
Massachusetts-based InnoCentive announced the winners 
of its latest Web-based challenge: to use smartphones to 
detect potholes. Building on a city of Boston app called 
Street Bump, which uses GPS and accelerometer data 
from a smartphone to record a car's location and sudden 
bounces, contestants vied to find ways to pool this data 
from many vehicles while distinguishing potholes from 


Winning strategies varied widely. Undergraduates Nathan Marculis and 
SaraJane Parsons chose mathematical techniques called wavelets and Kruskal 
clustering. The challenge “involves detecting spikes or jumps in data,” says their 
advisor, mathematician Ed Aboufadel of Grand Valley State University in Allendale, 
Michigan. “That's something wavelets are good at.” Kruskal’s algorithm helps identify 
related reports from different vehicles. Somerville, Massachusetts—based researchers headed 
by Massachusetts Institute of Technology grad Michael Nagle took a different approach. Using 
a tennis ball for scale, they measured the size of the potholes. They also used common-sense 
insights, such as realizing that a pothole jolt has a horizontal component to it (unlike that of a 


“We were impressed with the quality of the solutions,” says Nigel Jacob, co-chief of the city’s 
New Urban Mechanics Office, which co-sponsored the competition with InnoCentive and Liberty 
Mutual. “The challenge format allows us to focus on quality rather than the size of the vendor.” 
The two teams and a third winner, Elizabeth Yip of Washington, will each receive a $9000 prize. 
Before making the pothole-detecting apps available to the public, the city plans to merge the 
best features of the three algorithms into a single program. 


ized behavior” suggests that 7 million years 
ago, females and young elephant ancestors 
followed a matriarchal female but males 
dispersed when they reached sexual matu- 
rity, just as modern elephants behave today, 
says primary author Faysal Bibi of the 
Museum fiir Naturkunde in Germany. 
http://scm.ag/oldtracks 


Older Scientists Still Get the Grants 


A graph posted by the National Institutes of Health (NIH) this month high- 


lights the growing imbalance between the youngest and oldest researchers. In 
1980, almost 18% of principal investigators (Pls) holding NIH’s basic research 
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grant, called an RO1 grant, were 36 and younger, and less than 1% were 66 
and older. But by 2012, those 66 and older made up almost 7% of grantees 
and the youngsters were at only 3%. “These are big changes,” wrote NIH 
extramural grants chief Sally Rockey on her Rock Talk blog. 

The average age of a PI, now around 51, tracks the aging of medical school 
faculty, Rockey reports. Faculty over 65 may be staying on because of an end 
to mandatory retirement, a longer U.S. average life span, and slumping retire- 
ment portfolios, she suggests. The data offer a new slant on NIH’s worry that 
the average investigator doesn’t get his or her first grant until age 42 (Science, 
7 November 2008, p. 834). NIH policies since 2007 that give an edge to propos- 


als from young investigators have not yet lowered that number, Rockey reports. 
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AAAS MEETING 


The AAAS annual meeting attracted more 
than 11,000 attendees overall to Vancouver, 
Canada, from 16 to 20 February. For more 
on these meeting snapshots, plus additional 
stories, O&As, online chats, and podcasts, 
go to http://scim.ag/aaas2012. 


Fracking Acquitted of 
Contaminating Groundwater 


A major review of fracking—the contro- 
versial practice of pumping fluids into tight 
shale formations to release natural gas— 
uncovered no direct evidence that it is con- 
taminating groundwater. The review, released 
at the meeting, suggests that problems that 
have been attributed to fracking tend to occur 
closer to the surface, when gas and drill- 

ing fluid escape from 
poorly lined wells or 
storage ponds. Charles 
Groat, a former direc- 
tor of the U.S. Geo- 
logical Survey who led 
the study, said that the 
$380,000 report was 
conducted only with 
university funds. Groat, 
now at the University 
of Texas, Austin, and 
four UT colleagues 
found no evidence of 
drilling fluids leaking 
deep underground and concluded that meth- 
ane in water wells in some areas probably 
comes from natural sources. 

The review acknowledges that gaps 
remain in understanding fracking, includ- 
ing whether pumping wastewater into the 
ground causes small earthquakes. In addi- 
tion, the cumulative and long-term impacts 
of the technique remain unclear, especially 
in areas where some gas naturally escapes 
from below ground. http://scim.ag/aaas-frack 


A natural gas 
drilling tower. 


Eat or Be Eaten 


For most of the past 5000 years, hunter- 
gatherers called the Aleuts lived on Sanak 
Island off of Alaska, surviving on fish, sea 
otters, clams, mussels, and more. Accord- 
ing to ecologist Jennifer Dunne of the Santa 
Fe Institute in New Mexico, who with col- 
leagues has created a food web for the 
island’s intertidal zone from a variety of 
data, those Aleuts were “super-generalists”’, 


Intertidal Food Web 


25°C, while the east- 
ern Indian Ocean near 
northwestern Australia 
warmed to 28° to 29°C. 
At the same time, the 
western Pacific Ocean 
warmed and the eastern 
Pacific cooled. These 
changes coincided with 
less rain over East Africa. 
When deMenocal and 


consuming the greatest variety of differ- 
ent intertidal prey—50 of 171 species—of 
any predator. In a broader marine food web 
for Sanak Island, which includes birds and 
additional animals, Pacific cod took the top 
spot, munching on 124 of the 513 species, 
although the Aleuts were not far behind 
with a diet of 122 species. “This is our first 
detailed picture of how humans fit into food 
webs,” Dunne says. “It is the first time that 
the roles of humans as predators are explic- 
itly compared to the roles of other predators 
in food webs.” http://scim.ag/aaas-foodweb 


Ocean Changes Dried Out 
East Africa 


The development of large differences in 
the temperatures of the Indian and Pacific 
oceans 2 million years ago shifted rainfall 
patterns and dried out East Africa, replac- 
ing woodland with grassland and leading to 
an explosion in the number of species that 
grazed the region, results presented at the 
meeting suggest. 

Peter deMenocal, a marine geologist and 
geochemist at Columbia University, and col- 
leagues examined sea-surface temperature 


records from the western and eastern Indian 
Ocean and previously published tempera- 
ture records from sea-floor sediment cores 
for the Pacific Ocean. Temperatures across 
the Indian Ocean were fairly uniform, 
hovering around 27° to 28°C, until about 
2 million years ago. The western Indian 
Ocean near the Arabian Sea then cooled to 


his colleagues ran cli- 
mate models that erased those tempera- 
ture differences, they found that rainfall 
increased in eastern Africa, reflecting its 
once wetter past. 

“Tt was a lovely study,” says Andrew 
Weaver, a climate scientist at the University 
of Victoria in Canada. “Something’s going 
on 2 million years ago,” he says, “‘and the 
question is, ‘What’s the big driver?’ ” 
http://scim.ag/aaas-dryafrica 


Reactor-Free Recipe for Isotope 


In recent years, hospitals worldwide have 
faced short supplies of technetium-99 
(Tc-99), the most commonly used radioiso- 
tope in medical imaging scans. But a team 
of Canadian researchers now suggests Tc-99 
can be efficiently made with a common 
medical cyclotron rather than via the current 
technique, which depends on nuclear reac- 
tors fueled with highly enriched uranium. 

At the meeting, Paul Schaffer, head of 
nuclear medicine at TRIUMF, a nuclear 
and particle physics laboratory in Vancou- 
ver, Canada, described how his group used 
a popular GE cyclotron to fire protons at 
a stable isotope of molybdenum, generat- 
ing Tc-99. The demonstration holds out 
the hope that existing medical cyclotrons, 
which hospitals already use to make other 
radioisotopes, could generate enough 
Tc-99 to fulfill Canada’s entire demand, 
Schaffer says. 

“This is wonderful for Canada,” says 
Robert Atcher, director of the National 
Isotope Development Center at the Los 
Alamos National Laboratory in New 
Mexico, although he questions whether the 
approach will work in the United States, 
where the population is more diffuse, and 
many outlying hospitals don’t have access 
to an appropriate cyclotron. Tc-99 decays 
within 6 hours, so those hospitals would 
need to be continuously resupplied, he sug- 
gests. http://scim.ag/aaas-tc99 
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AVIAN INFLUENZA 


WHO Group: H5N1 Papers 
Should Be Published in Full 


An elite group of 22 influenza scientists, pub- 
lic health officials, and journal editors from 
11 countries recommended last week that the 
details of how a highly pathogenic bird flu 
virus was rendered capable of being trans- 
mitted easily among mammals be published 
in full. The recommendation, agreed to at a 
meeting at the World Health Organization 
(WHO) in Geneva, flies in the face of advice 
from an influential U.S. committee that key 
details of the experiments be confined only to 
those who have a need to know. 

HSN1 is highly lethal to humans but does 
not spread easily from person to person. Two 
teams working with ferrets, which many 
researchers consider the best animal model 
for humans, manipulated HSN1 to introduce 
genetic changes that made it easily spread 
through the air between these weasel-like 
animals. In December, the National Science 
Advisory Board for Biosecurity (NSABB), a 
U.S. government committee, recommended 
that Science and Nature, which have reviewed 
papers about the work, not publish key details. 
NSABB feared that in the wrong hands, the 
information could provide a recipe for trig- 
gering a devastating human pandemic. An 
impassioned international debate ensued, pit- 
ting scientific freedom against public safety. 
The journals, heeding NSABB’s advice, had 
planned to publish manuscripts stripped of 
critical details in mid-March, provided an as- 
yet-undetermined mechanism is established 
to make the entire manuscripts available to flu 
investigators and public health officials who 
need to know all the data. 

In Geneva, the researchers who led the 
work—Ron Fouchier of the Erasmus Univer- 
sity Medical Center in Rotterdam, the Nether- 
lands, and Yoshiro Kawaoka of the University 
of Wisconsin, Madison—passed out copies 
of the papers they submitted to the journals. 
To demonstrate what the papers would look 
like if the journals followed NSABB’s advice, 
the researchers also distributed redacted ver- 
sions at the closed-door meeting. The drafts of 
each paper were numbered, participants had to 
sign for them upon receipt and return, and in 
the end, the authors shredded all the papers in 
front of everyone in the room. “That certainly 
was a surreal touch,” says Barbara Jasny, a 
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deputy editor at Science, who represented the 
journal at the meeting, held 16-17 February. 
The group recommended that the jour- 
nals publish the papers without deleting 
details. Keiji Fukuda, WHO’s assistant 
director-general for Health Security and 
Environment, said the complexity of dis- 
tributing the full manuscripts to a select few, 
combined with the public health and scien- 
tific value of widely sharing the data, led 
to a “quite strong”—but not unanimous— 


agreement among the Geneva group to go 
against NSABB’s recommendations. “Who 
would hold on to the sensitive information?” 
Fukuda asked at a WHO press conference. 
“Under what conditions would that informa- 
tion be released? What are the other compli- 
cating factors? It was recognized that coming 
up with such a mechanism would be very dif- 
ficult to do overnight, if not impossible.” 
Paul Keim, the acting chair of NSABB, 
who attended the Geneva meeting, disagrees 
with the consensus opinion. Keim, a geneti- 
cist and anthrax specialist at the University 
of Northern Arizona in Flagstaff, praises the 
international makeup of the WHO group but 
stresses that it mainly consisted of influenza 
researchers. “I believe that the redacted ver- 
sions were so obvious to them that they held 
them in little value,’ Keim said. “This type 
of policy decision can’t be made by the flu 
research community alone.” The U.S. gov- 
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ernment’s top representative at the meet- 
ing, Anthony Fauci, also dissented from the 
consensus. “I stand by the NSABB recom- 
mendations,” says Fauci, who heads the U.S. 
National Institute of Allergy and Infectious 
Diseases (NIAID). 

In many ways, the WHO meeting gave a 
stamp of validation to NIAID, which funded 
both of the studies, and the researchers 
themselves, whom some have criticized for 
conducting the work in the first place. Sum- 
ming up the consensus of the WHO group, 
Fauci said, “being able to pursue openly this 
type of research by the public health and sci- 
entific community outweighs the issues of a 
terrorist getting enough information to do 
something nefarious.” 

Fouchier, Kawaoka, and their co-workers 
say their studies reveal critical factors that 


er review. WHO's Keiji Fukuda 
expert group that said papers 
on transmissible bird flu viruses 
should not be redacted. 


lead to transmission of HSN1 in mammals. 
They contend that their data can also poten- 
tially help surveillance efforts detect danger- 
ous mutations in birds or other species before 
these variants make the jump into humans 
(Science, 17 February, p. 785). 

Albert Osterhaus, a meeting participant 
who works with Fouchier, says the WHO 
group received information about recently 
detected HS5N1 variants in nature that under- 
scores the value of their ferret work. “Quite a 
number of data, which are not yet in the pub- 
lic domain, have been shown that actually 
indicated that the HSN1 viruses are develop- 
ing very fast,’ says Osterhaus, who did not 
want to discuss specifics. These new details, 
which he noted were not available to NSABB, 
mean their experiments could aid surveillance 
today. “That’s a very important thing to real- 
ize,” he says. 

Although it endorsed full publication, 
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the WHO group urged the journals to delay 
publishing the manuscripts and asked the 
research community to continue a voluntary 
60-day moratorium set to expire on 20 March 
to allow time to increase “public awareness” 
about the importance of the work. “This was a 
most important step for making sure anxieties 
will not be unnecessarily increased,” Fukuda 
said. The WHO group also hopes that extend- 
ing the moratorium will allow for a fuller dis- 
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cussion about the safety conditions needed by 
labs that work with these viruses. 

Like NSABB, the WHO group influ- 
ences but does not control the fate of these 
papers. Science Editor-in-Chief Bruce 
Alberts, who was not at the WHO meeting, 
said he is “not completely clear about what 
the decision means because it’s qualified,” 
but said Science has scuttled plans to pub- 
lish the redacted papers next month. Nature 


Editor-in-Chief Philip Campbell, who 
attended the Geneva gathering, issued a 
statement that Nature supports the group’s 
decisions about the benefits of full pub- 
lication. “Discussions at the WHO meet- 
ing made it clear how ineffective redaction 
and restricted distribution would be for the 
Nature paper,” Campbell’s statement said. 
Neither journal offered a timeline for pub- 
lication. -JON COHEN 


Scientists Decry Cuts That Would Doom ExoMars Missions 


Next week, planetary scientists building 
instruments for a 2016 Mars mission called 
Trace Gas Orbiter will update a commit- 
tee advising NASA on its Mars exploration 
program. But they’ll also be grilling NASA 
officials attending the meeting on the Obama 
Administration’s decision last week to kill 
the mission, one of two joint efforts with the 
European Space Agency (ESA) dubbed Exo- 
Mars (Science, 17 February, p. 783). 

The president’s 2013 
budget request elimi- 
nates funding for the 2016 
mission, which received 
$27 million this year, as 
part ofa 20% cut to NASA’s 
planetary science division. 
The division’s proposed 
$1.2 billion budget also 
terminates NASA’s partici- 
pation in an ESA-led 2018 
mission to Mars, for which 
the two space agencies 
were planning to build a 
rover. NASA had planned 
to spend up to $1.2 billion on ExoMars. 

Planetary scientists say that NASA’s deci- 
sion to withdraw from ExoMars is a devas- 
tating blow that will end U.S. leadership in 
Mars exploration after five successful mis- 
sions to the Red Planet. “The Mars commu- 
nity cannot understand why they have been 
targeted when they have been so success- 
ful,” says G. Scott Hubbard, who served as 
the first Mars program director at NASA and 
is now a professor at Stanford University in 
Palo Alto, California. 

NASA Administrator Charles Bolden 
says the agency pulled the plug on ExoMars 
because “it was another multibillion-dollar 
flagship mission. Flagships are expensive. 
We just could not afford to do another one.” 
But he says NASA isn’t walking away from 
Mars. In August, a rover called Curiosity is 
scheduled to land and begin exploring the 


Red Planet, and next year NASA hopes to 
launch the Mars Atmosphere and Volatile 
Evolution Mission. 

Tn lieu of ExoMars, officials are discussing 
a small 2018 mission that would still advance 
NASA’s goal of sending humans to Mars by 
the mid-2030s. John Grunsfeld, the new head 
of the $5 billion Science Mission Directorate, 
wants scientists to provide ideas that NASA 
can use to plan a “basic mission” that “both 


Red alert. NASA wants to cancel 
the Trace Gas Orbiter, which was to 
fly on a 2016 Mars mission. 


answers scientific questions and supports 
future human exploration of Mars.” 

That approach puzzles planetary scien- 
tists. “You cut the budget by a significant 
amount, and you’re going to send humans 
to Mars, which would be several times more 
expensive than a robotic mission,” Hubbard 
says. “It doesn’t make any sense.” Jim Bell, 
an astronomer at Arizona State University in 
Tempe and head of the Planetary Society, says 
the Administration’s decision to cancel Exo- 
Mars is all the more painful because the com- 
munity “brought Mars back into the ball park” 
by scaling back the cost of the 2016 and the 
2018 missions. 

Bell and others believe the White House 
Office of Management and Budget (OMB) 
feared backing yet another project that would 
end up with massive cost overruns like so 
many NASA missions before it. “Some part of 


me can’t fault OMB. It’s up to NASA to dem- 
onstrate that we can estimate costs correctly 
and then stick to those estimates,” Bell says. 
At the same time, he says, “‘it is the nature of 
complex, big projects that they end up costing 
more than anticipated.” 

The proposed cuts in the Planetary Sci- 
ence Division affect more than just ExoMars, 
notes Mark Sykes, head of the Planetary 
Science Institute in Tucson, Arizona. Des- 
ignated funding to continue operating and 
analyzing data from Mars Reconnaissance 
Orbiter (MRO) would be eliminated. MRO’s 
“HiRISE instrument only recently found evi- 
dence for seasonal water flow just below the 
surface of Mars,” Sykes says. Funding for a 
program to prepare for a return to the moon 
would drop from $140 million to $61 mil- 
lion in 2013, and the outer planets program, 
which supports the ongoing Cassini mission 
to Saturn, would decline from $122 million 
to $84 million. 

The flagship instrument on the Trace Gas 
Orbiter, much of which was being built at 
NASA’s Jet Propulsion Laboratory (JPL) in 
Pasadena, California, would have measured 
the distribution of trace gases that could signal 
the presence of life on the planet. JPLs John 
Schofield is principal investigator on another 
instrument that aims to measure the global 
distribution of atmospheric temperature, 
dust, ices, and water vapor on a daily basis. 
Together, the instruments would have helped 
NASA prepare for future landings and human 
missions. Schofield says he and others “have 
been instructed to close out the 2016 mission 
in the next several months.” 

The elimination of ExoMars in the presi- 
dent’s budget does not mean game over, says 
John Mustard, a planetary astronomer at 
Brown University and a member of the Mars 
advisory panel. “The Mars exploration com- 
munity is a resilient one,” he says. “We'll be 
thinking very hard on how to get these cuts 
reversed.” —-YUDHIJIT BHATTACHARJEE 
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Bigger Contribution to ITER Erodes 
Domestic Fusion Program 


The U.S. fusion program is in a bind. To 
remain at the cutting edge, U.S. fusion 
researchers must participate in the huge inter- 
national experiment called ITER being built 
in Cadarache, France. But to pay for ITER— 
which aims to produce a self-sustaining fusion 
reaction, or “burning plasma,” and prove that 
fusion is a viable energy source—the United 
States may have to sacrifice the very com- 
munity of researchers who would use the 
machine when it is ready. 

That paradox hit home last week, when 
President Barack Obama submitted a 2013 
budget request to Congress that would slash 
the nation’s already beleaguered domestic 
fusion program while boosting the U.S. con- 
tribution to ITER. Contributing to ITER “is 
reasonable only in the context of a domestic 
program,” says Martin Greenwald, a physicist 
at the Massachusetts Institute of Technology 
(MIT) in Cambridge and chair of the Depart- 
ment of Energy’s (DOE’s) Fusion Energy 
Sciences Advisory Committee (FESAC). 
“Otherwise, you're just building a piece of 
equipment for other people to use.” 

At first blush, the proposed 2013 budget 
for the fusion energy sciences program at 
DOE doesn’t look so bad. It would dip by less 
than 1% to $398 million. However, within 
that flat budget, spending on ITER construc- 
tion would increase by 43% next year, from 
$105 million to $150 million. As a result, 
spending on fusion research at home would 
fall 16%, to $248 million. 

The effects of the cut would be dramatic. 
DOE supports three large experimental 
devices called tokamaks—doughnut-shaped 
chambers in which ionized gas, or “plasma,” 
is confined by magnetic fields and heated 
and squeezed to the point at which atomic 
nuclei fuse and release energy. In the biggest 
blow, the tokamak at MIT, called the Alcator 
C-Mod, would shut down. 

“T was shocked,” says Miklos Porkolab, 
director of MIT’s Plasma Science and Fusion 
Center. “I didn’t have the vaguest idea of what 
was coming.” C-Mod is the only U.S. toka- 
mak that operates at magnetic fields as strong 
as ITER’s will be, Porkolab says. It supports 
100 staff members and 30 graduate students. 

The budget of the United States’s sole ded- 
icated fusion lab, the Princeton Plasma Phys- 
ics Laboratory (PPPL) in New Jersey, would 
drop by 16%, to $61.8 million. “If all the cuts 


go through, we would have to lay off about 
100 of 435 staff,” says PPPL Director Stew- 
art Prager, who notes that the lab has already 
shrunk by two-thirds since the 1990s. The pro- 
posed cut for 2013 would stretch by 6 months 
an ongoing upgrade of the lab’s National 
Spherical Torus Experiment, delaying the 
tokamak’s restart until 2015. 

Obama’s budget request, if adopted by 
Congress, would leave the United States with 
only one tokamak operating next year, the 
DUI-D at General Atomics in San Diego, Cal- 
ifornia. But its running time would be reduced 
to 10 weeks—3 weeks less than this year and 
a far cry from the 25 weeks that would con- 
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the European Union, China, India, Japan, 
Russia, and South Korea—its projected 
cost was $5 billion, making the U.S. share 
roughly $500 million. Now the price tag tops 
$20 billion, and the U.S. share has ballooned 
to $2.2 billion or more. At the same time, 
DOE’s fusion budget has been flat for the 
past decade when adjusted for inflation. 

Oddly, although the proposed budget 
would provide just $40 million for running 
facilities, it still provides $154 million for 
research. A typical operations-to-research 
ratio for a DOE program is 1:1. Why the 
imbalance? One reason is that much of that 
research might be done overseas. Last sum- 
mer William Brinkman, director of DOE’s 
Office of Science, asked FESAC to study 
the idea of sending legions of researchers to 
South Korea and China to work on new toka- 
maks that those countries have built. Its report 
is due this month, but scientists already have 
misgivings about that approach. 


Lights out? With the device's glowing heart showing on the screen above them, students control MIT's tokamak, 
which could shut down next year. 


stitute full utilization, says Tony Taylor, vice 
president of the magnetic fusion energy divi- 
sion at General Atomics. The cuts would also 
require axing 30 of 180 DIII-D staff and post- 
poning key upgrades. 

Even the proposed $150 million contribu- 
tion to ITER in 2013 won’t keep the United 
States on pace to meet its commitment to the 
project, says Stephen Dean, a physicist and 
president of Fusion Power Associates, a non- 
profit research and education foundation in 
Gaithersburg, Maryland. That would require 
about $200 million, he says. 

The budgetary train wreck is exactly 
what some researchers have long feared. 
When the United States signed on to ITER 
in 2003—as a junior partner alongside 


If nothing else, it will make it harder to 
attract younger scientists, researchers say. 
(Already, the 2013 budget would slash the 
number of student positions from 325 to 263.) 
The scheme also exports the country’s most 
valuable resource: knowledge. “It makes no 
sense for the United States to pay to ship our 
intellectual capital overseas and make our- 
selves less competitive,’ Taylor says. 

The proposed budget isn’t a done deal. “I 
can tell you that the community does not sup- 
port this plan, does not support this budget, 
and is going to try to get Congress to overturn 
it’ Dean says. Brinkman agrees that “it makes 
no sense to invest in ITER if there isn’t a base 
program” and suggests that the department 
may also be looking for help from Congress. 
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“This [budget] has to go to the Hill, and we'll 
see what the Hill does with it,” he says. 

Even if Congress kicks in the $50 million 
needed to shore up the domestic program next 
year, 2014 could be far worse. The United 
States will have to pony up $2 billion for ITER 
over 8 years, so its annual contribution will 
likely shoot up to $300 million, potentially 
consuming the whole domestic program. 

Restructuring those payments may be the 
best short-term solution. Brinkman says that 
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Office of Science staff members have begun 
talking to other Administration officials and 
ITER partners about such changes. “One 
thing you learn in this government town is 
you take it one year at a time,” he says. But 
fusion physicists worry that such a tactical 
approach will only delay the demise of their 
research program. 

Greenwald and other fusion scientists 
would like greater support from the Obama 
Administration. But presidential science 


adviser John Holdren says the Administra- 
tion is doing what it can. “The cutting edge 
of fusion is determining whether we can cre- 
ate a burning plasma, and the only machine 
in the world that has a prospect of doing 
that is [ITER],” Holdren said last week dur- 
ing a rollout of the new budget when asked 
if ITER was being favored over the domes- 
tic program. But he added that “we are going 
to maintain a strong plasma science program 
and invest in ITER.” -ADRIAN CHO 


Advocates Win ‘Exceptional’ Boost for Alzheimer's Research 


The 2013 budget proposed by President 
Barack Obama last week would give the 
National Institutes of Health (NIH) not a 
penny more than it received this year. But the 
Administration found a way to give special 
attention to one disease: Alzheimer’s, which 
will receive $80 million in new research fund- 
ing from a source outside NIH’s budget. This 
month, the Administration also announced, to 
the surprise of many at NIH, that the agency 
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will reprogram $50 million in its current bud- 
get for the disease. 

Alzheimer’s research advocates credit the 
new focus to several years of organized lobby- 
ing. “It’s persistence,’ says Harvard Universi- 
ty’s Rudolph Tanzi, who like many researchers 
in the Alzheimer’s field has taken part in this 
effort to boost the roughly $450 million NIH 
already spends on the disease. Advocates say 
they’ve finally hammered home the message 
that the growing costs to Medicaid and Medi- 
care of caring for Alzheimer’s patients could 
eventually swamp the federal budget. “We 
kept pushing and saying, ‘You guys are asleep 
here. You need to wake up,’”” Tanzi says. 

But in addition to such “compelling 
facts,” says Robert Egge, vice president of 


public policy and advocacy for the Alzheim- 
er’s Association, this month’s victory also 
reflects a series of steps that built bipartisan 
support in Congress and the Administration. 
“Congress is a stimulus-response organiza- 
tion,” says Representative Edward Markey 
(D-MA), an Alzheimer’s champion. Com- 
pared with cancer and AIDS, advocacy was 
hampered because the disease doesn’t leave 
survivors, and families were reluctant to dis- 
cuss it. “Recently, the 
Alzheimer’s advocacy 
community has risen to 
overcome this unique 
challenge,” Markey says. 

Momentum began to 
build 5 years ago when 
current Republican presi- 
dential candidate Newt 
Gingrich, who has an 
interest in brain diseases, 
and George Vraden- 
burg, a former television 
and AOL executive who 
became an Alzheimer’s 
fundraiser, began working 
with Markey and a non- 
partisan panel. Deliberately “independent,” 
Vradenburg says, the Alzheimer’s Study 
Group was co-chaired by Gingrich and Sena- 
tor John Kerry (D—MA), and included former 
NIH Director Harold Varmus and former U.S. 
Supreme Court Justice Sandra Day O’ Connor. 
Its 2009 report called for $1 billion in annual 
research funding. 

Relentless lobbying led to the National 
Alzheimer’s Project Act. It passed in Decem- 
ber 2010 “in a very divided Congress” with 
strong White House support, notes Daniel 
Perry, president of the Alliance for Aging 
Research. The Department of Health and 
Human Services (HHS) has since formed a 
federal advisory committee; it recently set a 
deadline of 2025 for preventing and treating 
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the disease. Last December, advocates met 
with White House officials, who said they 
were trying to find new funding for Alzheim- 
er’s in the 2013 budget, Perry says. 

On 7 February, HHS Secretary Kathleen 
Sebelius announced that HHS had found 
$50 million in 2012 and $80 million in 2013 
(and $26 million for related programs). Last 
week, HHS officials explained that the 2013 
funding will come from the HHS Public 
Health and Prevention Fund, created by the 
2010 health care law. “It took real budget leg- 
erdemain” to find the money, Perry says. It 
may run into opposition; some say the fund 
wasn’t meant for this use. 

NIH officials, meanwhile, are still work- 
ing out the details of redirecting $50 million 
this year to Alzheimer’s. About half of that 
sum—possibly from large DNA sequenc- 
ing centers—will go for genetics. The other 
$25 million or so will likely fund high- 
quality grant proposals across institutes that 
fund Alzheimer’s, says National Institute on 
Aging Director Richard Hodes. That will 
mean less money to fund research in other 
areas, Hodes says. He said that although $50 
million out of NIH’s $31 billion budget “is not 
very large” (it’s 0.16%), at a time of record- 
low grant success rates, “there will undoubt- 
edly be people who will be concerned.” He 
added: “This is something that should happen 
only in the most exceptional of circumstances, 
and in this case the Administration has deter- 
mined this urgency of Alzheimer’s and its 
demographics to be such a circumstance.” 

Tanzi acknowledges that squeezing other 
areas is a “downside” to the 2012 funding. 
And he admits that the wildly ambitious 2025 
goal is “not scientific.” (The Alzheimer’s advi- 
sory panel plans to release its plan for getting 
there in time for an Alzheimer’s summit at 
NIH in May.) But to mobilize advocates and 
policymakers, “you have to do things like 
this,” Tanzi says. -JOCELYN KAISER 
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Kansas Veterinary Biosecurity Lab 
Trampled in Spending Plan 


It’s an irony as thick as a T-bone steak: A flag- 
ship government biodefense laboratory set to 
be built in Kansas is facing critical funding 
troubles—in part because of fierce opposi- 
tion from cattle ranchers the facility is sup- 
posed to help. 

Last week, the Obama Administration 
announced that it is requesting no new money 
in its 2013 budget plan for the National Bio 
and Agro-Defense Facility (NBAF), a highly 
secure veterinary research center that is sup- 
posed to study viruses and other agents that 
could threaten livestock and human health. 
In addition, officials at the U.S. Department 
of Homeland Security (DHS), which is fund- 
ing NBAE said they were convening a special 
task force to reassess “whether and for what 
purpose a Bio-Safety Level 4 (BSL-4) facility 
should be stood up.” BSL-4 labs are designed 
to contain the most dangerous pathogens. 

The announcement delighted NBAF 
opponents, including livestock interests who 
fear a devastating disease could escape from 
the facility into the heart of cattle country. 
“This was an irresponsible, unsafe plan 
from the beginning, and we’re pleased to see 
that the tide is turning against it,” said Bill 
Bullard, the head of the Ranchers-Cattlemen 
Action Legal Fund, United Stockgrowers of 
America (R-CALF USA) of Billings, Mon- 
tana. The group, which represents thousands 
of livestock growers, has worked closely 
with Montana Senator Jon Tester (D) and 
other members of Congress to block fund- 
ing for the facility. 

Kansas lawmakers, however, are vowing to 
save NBAF. “It’s going to be a fight,” predicted 
Governor Sam Brownback (R), who has com- 
mitted $150 million in state funds to the facil- 
ity, scheduled to be built near Kansas State 


University in Manhattan. In Congress, NBAF 
allies spent much of last week attempting to 
extract promises to move ahead with NBAF 
from senior Obama Administration officials, 
with mixed results. “This nation needs a BSL 
Level 4 facility” for studies related to agricul- 
ture, DHS Secretary Janet Napolitano told the 
House Appropriations Committee during a 
15 February hearing. But “this is one of those 
issues that I think requires serious conversa- 
tions with the Congress,” she added, noting 
that “we have had trouble getting the money 
for the NBAF the last few years.” Last year, 
for instance, the Administration requested 
$150 million for NBAF, but Congress pro- 
vided just $50 million—part of a compromise 
after the Senate voted to provide no funds. 
Such lukewarm congressional support 
stems, in large part, from continuing contro- 
versy surrounding the safety and cost of the 
proposed lab, which is supposed to replace 
the aging Plum Island Animal Disease Cen- 
ter in New York. The BSL-3 center, located on 
an isolated shoal off the coast of Long Island, 
is the only place in the United States where 
researchers can work with certain pathogens, 
such as the virus that causes foot-and-mouth 
disease, which has caused extensive livestock 
losses in other nations. In the wake of 9/11, 
some scientists argued that the United States 
needed a more modern, secure, and better- 
situated facility, and in 2008, DHS awarded 
the new NBAF to Kansas after a competition 
(Science, 12 December 2008, p. 1620). Less 
than a year later, however, Congress requested 
a study by the Government Accountability 
Office that ultimately slammed DHS’s safety 
studies (Science, 7 August 2009, p. 661), and 
a 2010 assessment by a National Academies 
panel raised similar concerns. Meanwhile, 
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Home on the range. NBAF’s Manhattan, Kansas, 
site is ready for construction, but funding is in doubt. 


an accounting scandal enveloped the state- 
funded group that had managed Kansas’s win- 
ning bid, and NBAF’s projected cost began to 
escalate, from about $450 million to up to 
$1 billion by some estimates. 

These developments gave NBAF oppo- 
nents, such as R-CALF USA and Rep- 
resentative Tim Bishop (D-NY), whose 
district includes Plum Island, plenty of politi- 
cal ammunition and apparently persuaded 
the Administration to abandon NBAF for 
now. “Even in the best fiscal situation, NBAF 
as currently proposed would be difficult to 
justify; in our current climate it is simply 
unaffordable,” Bishop said in a statement. 
Instead, the government should fix up Plum 
Island, he says—but not to BSL-4 standards 
(which locals oppose). He also wants the gov- 
ernment to suspend plans to sell the island; in 
the past, DHS officials had said the sale might 
help pay for NBAF. 

In the meantime, DHS officials are orga- 
nizing an interagency task force to take a 
fresh look. “We are going to ask the question, 
do we need to build a BSL-4 lab to tackle 
these threats—yes or no?” says Tara O’ Toole, 
the head of the department’s Science and 
Technology Directorate. If the answer is yes, 
O’Toole says, DHS could make the case to 
the White House for reinstating the plan in 
next year’s budget. -DAVID MALAKOFF 
With reporting by Yudhijit Bhattacharjee. 
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India excels in rocketry and nuclear science but has produced few breakthroughs in other fields. 
Now, free of sanctions and swimming in cash, the world’s largest democracy 
is gunning for status as a scientific powerhouse 


BANGALORE, INDIA—When A. P. J. Abdul 
Kalam, the father of India’s missile program, 
inaugurated a center of excellence in aero- 
dynamics here last November, he emphasized 
how the new facility would boost the nation’s 
defenses. Indo-Russian missilemaker Brah- 
Mos Aerospace helped bankroll the center 
at the Indian Institute of Science (IISc) Ban- 
galore as a testing ground for its next-gen- 
eration BrahMos-II missiles and hypersonic 
space vehicles. Indeed, after the ceremony, 
Kalam, the octogenarian former president of 
India, urged BrahMos to think grander and 
pioneer a reusable hypersonic cruise missile 
that would return after dropping a payload—a 
feat that could rival technology under devel- 
opment in the United States. 

In a hangar here on the [Sc Bangalore 
campus, BrahMos projects and other sensi- 
tive ventures are hidden behind black cur- 
tains. The military R&D is the center of 
excellence’s raison d’étre and a jewel in 
the crown of India’s vaunted defense R&D 
establishment. But what’s out in the open in 
the cavernous laboratory is far more reveal- 
ing about the rapid development and entre- 
preneurial spirit of Indian science. 

“T want to show you our latest invention,” 


says aerospace engineer K. P. J. Reddy, head of 
IISc’s Laboratory for Hypersonic and Shock 
Wave Research. He walks past a 16-meter- 
long steel shock tunnel, stops at a lab bench, 
and picks up what looks like an ordinary 
medical syringe. It’s outfitted with a “Reddy 
tube”: a shock tunnel writ small that’s capable 
of generating shock waves traveling at twice 
the speed of sound. Applications abound. One 
Reddy tube called “Super Bull” boosts the 
success of livestock artificial insemination by 
slinging sperm deep into the uterus. 
A micro—Reddy tube delivers DNA 
through a nuclear membrane for cell 
transformation. Another is a juicer: 
Aim it at an apple, and shock waves 
disintegrate pulp while leaving the 
skin intact. “Juice doesn’t get any 
fresher,’ Reddy says. 

Such bench-top derring-do may seem 
incongruent with India’s reputation as a cham- 
pion of Big Science. After the nation’s first 
atomic bomb test in 1974, the United States 
and other countries slapped sanctions on India 
that squeezed its supply of high-tech equip- 
ment and materials. Over the next 3 decades, 
India grew an indigenous civilian nuclear 
power industry and a space program on par 
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with those of leading nations. In 2008, a land- 
mark civilian nuclear pact between India and 
the United States beckoned Indian scientists 
in strategic sectors to come in from the cold; 
access to imported precision instruments is 
allowing India to make up ground in areas 
such as nanotechnology and supercomputing. 

Now the government intends to lift all dis- 
ciplines on a rising tide. At the Indian Sci- 
ence Congress in Bhubaneswar last month, 
Prime Minister Manmohan Singh pledged 
to hike R&D expenditures dur- 
ing the 5-year plan that begins this 
spring, from around $3 billion last 
year to $8 billion in 2017. In an 
exclusive interview with Science 
(see p. 907), Singh explained 
how his government plans to 
“increase gradually the propor- 
tion of money that is spent on R&D and at the 
same time create a system of incentives which 
will induce the private sector to increase their 
spending on science and technology.” 

The windfall is meant to turbocharge ini- 
tiatives under way to create elite research 
institutions, bring expatriate Indian scientists 
home, enrich science education, and equip 
smart new laboratories. Included in this push 
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is South Asia’s first biosafety level—4 lab 
for handling the most dangerous pathogens, 
slated to be up and running at the National 
Institute of Virology in Pune this spring. 
“Funding is no longer a constraint. What we 
once had to do abroad we can now do here,” 
says Govindaraju Thimmaiah, a chemist at 
the Jawaharlal Nehru Centre for Advanced 
Scientific Research here. Over the next 
5 years, an estimated $1.2 billion in public 
funds will be funneled to a new National 
Science and Engineering Research Board. 
Modeled after the U.S. National Science 
Foundation, the board is just now getting off 
the ground and is expected to fund its first 
competitive grants this year. “It’s critical 
to our future, because it’s run by scientists 
for scientists,” says Raghunath “Ramesh” 
Mashelkar, former director general of the 
Council of Scientific and Industrial Research 
(CSIR), a national network of 37 laboratories. 

Researchers will have to clear some 
daunting hurdles, though. India’s legend- 
ary bureaucracy can snarl grant proposals 
and expenditures in red tape for months. 
The anticipated R&D budget boost “will 
be useless if structural reform is not under- 
taken,” warns vaccine specialist Maharaj 
Kishan Bhan, secretary of the Department 
of Biotechnology, the central government’s 
main conduit for supporting applied biol- 
ogy in India. Another woe is that scores of 
universities are deteriorating or riddled with 
corruption. They nurture few stars and are 
overburdened with dead wood. “On a day-to- 
day basis, people are discouraged from doing 
breakthrough research,” says Raghavendra 
Gadagkar, a sociobiologist at IISc Banga- 
lore. “Our system creates followers, not lead- 
ers. That’s our biggest problem.” 

Still, the scientific outlook is brighten- 
ing rapidly. From 2000 to 2010, India’s peer- 
reviewed publications more than doubled to 
40,000 a year, its world share rose from 2.2% 
to 3.4%, and citation impact improved from 
40% to nearly 60% of the world average, 
according to the Thomson Reuters Web of 
Knowledge database. Moreover, Indian scien- 
tists are keenly aware of the need for research 
that raises living standards in the world’s larg- 
est democracy, home to 1.2 billion people. 
“We are promoting what we call ‘inclusive 
innovation, ” says Mashelkar, who like other 
top scientists here believes that a new day is 
dawning for Indian science. 


Big bang theory 

For many Indian researchers, a long night pre- 
ceded the dawn. When Mashelkar, a chemist, 
returned to India in 1976 after a postdoc stint 
in the United States, he says it was a struggle 
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to keep pace with his field. Scientific journals 
took 4 months to arrive by mail. “We were out 
of competition before we started,” he says. 
Everything was difficult and slow. Mashelkar 
waited 6 years for installation of a phone line 
because he refused to pay an exorbitant fee for 


The long view. K. P. J. Reddy has 
devised a miniature version of his 


for decades, says L. S. Shashidhara, a geneti- 
cist at the Indian Institute of Science Educa- 
tion and Research (IISER) in Pune. 

While basic research and living stan- 
dards languished, India was pouring massive 
resources into two strategic areas: rocketry 
and nuclear science. The former gave rise to 
both a sophisticated missile program and a 
civilian space program that intends to send 
a probe to Mars and astronauts into space 
then onto the moon (see p. 906). India’s early 
research on nuclear power, meanwhile, led the 
way to an atomic arsenal. 

India’s first atomic test ignited a nuclear 
arms race with China and Pakistan—and 
turned the nation into a nuclear pariah: 
Western countries banned most 
high-tech exports to India. 
Self-reliance promoted techno- 
logical ingenuity, as India’s 
nuclear and space programs have 
demonstrated on numerous occa- 
sions. India’s research on using 
thorium as fuel for nuclear power 
reactors is nonpareil, and this year 
Th / it will bring online a homemade 

‘prototype fast breeder plutonium 
reactor. Denied access to radi- 


lab’s shock tunnel (above) for applications as diverse as artifi- 
cial insemination and cell transformation. Over the past 20 years, 
Indian scientists have expanded their reach in the literature. 


ation-hardened computer chips 
and lightweight silica tiles for sat- 
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ellites, Indian space researchers 
developed their own. 

The demise in 1991 of the 
Soviet Union, then India’s main 
ally, was a turning point. India 
narrowly averted a financial 
meltdown. “CSIR had a tough 
time even to pay its electricity 
bills,’ recalls biophysicist Samir 
Brahmachari, CSIR’s director 
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faster service. C. N. R. Rao, Singh’s science 
adviser and a chemist at the Jawaharlal Nehru 
Centre for Advanced Scientific Research here, 
recalls that as a young professor decades ago 
he would receive the equivalent of about $60 
per year for research. “I got my first spectro- 
meter 17 years into my career and first elec- 
tron microscope 30 years into my career,” he 
says. Rao—éminence grise and India’s most- 
cited scientist—was exceptionally produc- 
tive. In the sprawling field of biology, “I don’t 
think there were any breakthroughs in India” 
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from socialism to a free market 
economy. A few years later, the 
country’s information technology 
industry took off—and “started 
taking away all the bright stu- 
dents,” says chemical biologist 
Krishna Ganesh, director of IISER Pune. 

Another signature Singh accomplishment 
was the Indo-U.S. nuclear agreement, which 
paved the way for the export of high-tech 
instruments and sensitive materials to India. 
Institutes across the country have since gone 
on a spending spree. 


Muscling up 

In a corner of IISc Bangalore down the 
road from the aerospace hangar, work- 
ers are putting the finishing touches on a 
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$30 million, 1300-square-meter clean lab 
for nanotechnology. It’s instrumented to 
the hilt. “Money is not much of a prob- 
lem,” says materials scientist Srinivasan 
Raghavan, one of four IISc Bangalore 


researchers who are helping midwife the 
new lab. All is not flawless: Raghavan 
and his colleagues suffer “supply-chain” 
delays due to Indian import regulations, 
he says, and a sanctions hangover. It took 


Ad Astra, With a ‘Uniquely Indian Flavor’ 


BANGALORE, INDIA—India's space program has a bold agenda this year: It aims to launch five 
rockets and four satellites, all built at home. The Indian Space Research Organisation (ISRO) already 
has 11 remote-sensing satellites in orbit—the largest constellation of civilian eyes in the sky. This 
record puts India securely in the global space club. 

Part of India’s achievement is to have joined at a modest cost. ISRO’s $1.5 billion annual budget 
is almost 10 times smaller than NASA's. But its dreams are not modest. In the coming years, ISRO 
plans planetary exploration missions, a reusable launch vehicle, and a program to send astronauts 
into space. “In a very tough economic environment, India remains one of the few countries in the 
world which maintains and even reinforces its space program,” says Jean-Yves Le Gall, chair and CEO 
of Arianespace in Paris. “This is absolutely remarkable.” 

In its 5-year plan submitted last month, ISRO sets some con- 
crete goals. One is to see that its big rocket—the Geosynchronous 
Satellite Launch Vehicle (GSLV)—becomes “a reliable vehicle.” 
The GSLV can put a 2-ton communications satellite in orbit; a new 
version is designed to launch 4-ton satellites. But GSLV's record is 
spotty. Only two of seven launches have been fully successful. One 
of the liquid cryogenic upper stages—designed in India—packed 
up within seconds after ignition in an April 2010 launch. Retool- 
ing it is a top priority. 

On the scientific front, last October, India launched Megha- 
Tropiques, an Indo-French satellite to collect data on water and 
energy balance over the tropics. This mission marked the 19th 
consecutive successful launch of India’s smaller rocket, the Polar 
Satellite Launch Vehicle. After lengthy delays, ISRO plans to use 
that rocket in 2013 to orbit its first dedicated astronomy satellite, Astrosat, which will be equipped 
with a suite of telescopes to view the sky in optical, infrared, ultraviolet, and gamma wavelengths. 

ISRO’s greatest claim to fame is the scintillating finding of water on the moon. Instruments 
aboard the 2008-09 Chandrayaan-1 probe, a bargain at about $100 million, uncovered water 
molecules on the lunar surface. The finding demonstrates that “the moon can support long-term 
human presence, a discovery of vital significance to man’s future in space,” says Paul D. Spudis, a 
lunar scientist at the Lunar and Planetary Institute in Houston, Texas, who ran a radar experiment 
aboard Chandrayaan-1 that detected traces of water. India is planning a return trip to the moon with 
a lander and rover in 2014. Also in the works is a solar mission in 2014 called Aditya and, in the next 
5 years, an asteroid flyby. And while NASA earlier this month revealed that it has canceled a pair of 
upcoming Mars missions, ISRO is sketching out a robotic mission to Mars within a decade. 

Whereas the United States has given up on shuttles, India now wants to build its own. Recyclable 
technology would sharply reduce launch costs, ISRO says. A first-generation vehicle would lift off 
vertically and land in the sea; later models would glide to a runway. A prototype is housed at a secret 
facility in Kerala, says ISRO Chair K. Radhakrishnan. 

The defining moment for India’s space program will come when India sends humans into space, 
Radhakrishnan says. ISRO has proposed a massive $2.5 billion project. Within 7 years of receiving 
government approval, India could orbit a few astronauts for a week, then later send them to the 
moon, Radhakrishnan says. 

The government has approved about $25 million for preliminary studies “to wet our hands” with 
technology involved in human space flight, Radhakrishnan says. The big project may run into resis- 
tance. Asked whether this is the right thrust for Indian science, C. N. R. Rao, science adviser to Indian 
Prime Minister Manmohan Singh, said, “I have nothing against man going anywhere, but | am more 
worried about people on this earth.” In an interview with Science, Singh declined to endorse the 
human space flight program (see p. 907). 

Radhakrishnan is confident that ISRO’s vision will prevail. “India is poised to soar higher in 
space,” he says. “But it will be done with a uniquely Indian flavor.” -P.B. 


Chandrayaan-1 


several months, for instance, to import a 
2-centimeter-square piece of ultrathin zir- 
conia foil for experiments with nanopo- 
rous zirconium. That foil is used in the 
nuclear industry, and despite the easing 
of restrictions, some countries still hesi- 
tate to export high-tech equipment and 
materials to India, says [Sc Bangalore’s 
S. A. Shivashankar, who got the ball rolling 
on the nanotech lab a decade ago. It will be 
fully operational next month and is expected 
to churn out 50 Ph.D. scientists a year. 

State-of-the-art facilities are popping up 
far and wide. Ensuring their smooth opera- 
tion is a challenge, however. “We readily can 
purchase expensive equipment,” Shashid- 
hara says. But he and others are frustrated 
over Indian regulations that limit spending 
on reagents and other research materials. 
“The government tells us to cut down con- 
sumables. It’s considered waste.” 

The main impediment, scientists often say, 
is the bureaucracy. “Even the best of inten- 
tions can disappear without a trace in the 
quicksands of officialdom,” IISc Bangalore 
Director Padmanabhan Balaram penned in an 
editorial last month in India’s premier jour- 
nal, Current Science. There’s a lack of trans- 
parency. And bureaucrats sometimes demand 
that researchers give a regular accounting of 
progress on their grants. According to HSc 
Bangalore’s Gadagkar, who studies social 


ie 
Dreaming small. IISc Bangalore's Srinivasan 
Raghavan and S. A. Shivashankar will roll out their 
nanotechnology clean lab next month. 


behavior of wasps, “I will be evaluated as if I 
was building a road. They want a report every 
3 kilometers.” 

On the bright side, Indian researchers will 
have more opportunities to explain how they 
are spending their money. Major directions 
in the next 5-year plan include a $350 mil- 
lion Neutrino Observatory in Theni—India’s 
single largest investment to date in basic 


Continued on page 909 
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Continued from page 906 


research—a novel open-source drug discov- 
ery program (see sidebar below), a $1 bil- 
lion supercomputing initiative, and an effort 
to improve forecasts of the summer mon- 
soon (see p. 910). At the science congress last 
month, Singh also vowed to double public 
and private R&D spending as a percentage of 
GDP to 2% by 2017. That will require much 
higher expenditures from the private sector, 
which currently contributes a mere 33% of 
total R&D spending. 

Some observers wonder whether India’s 
scientific community can make good use 
of the windfall. By Western standards, few 
disciplines or institutes have built up a criti- 
cal mass. “The entire biology community 
of India is smaller than that of Boston,” 
Shashidhara says. In genetics and develop- 
ment, he says, “many people are just doing 
gap-filling work.” Researchers in other dis- 
ciplines voice similar complaints. “In any 
given area of science or engineering, the 
number of experts is rather small in India,” 
says Rao, who says that nationwide only five 
or six researchers are studying graphene— 
one of the hottest areas of materials science. 

To build capacity, the government is woo- 


Feeling caged in. The Indian system discourages breakthrough 
research, says sociobiologist Raghavendra Gadagkar, who studies 


wasp behavior. 


ing overseas talent through fellowship pro- 
grams. “There’s a concerted movement to 
bring people back,” says Savita Ayyar, head 
of the research development office at the 
National Centre for Biological Sciences 
(NCBS) here. And scientists on their own 
have organized “Young Investigator Meet- 
ings” in U.S. cities meant to entice newly 
minted Ph.D.s and postdocs. 


Science for the masses 

The flip side of the shortage of well-trained 
researchers is the inadequacy of labs and 
institutes. Most of the 350-odd state univer- 


Crowd-Sourcing Drug Discovery 


sities “are terribly run,’ Ganesh 
says. Few can brag of world- 
class research. “They’re bro- 
ken down,” says physical chem- 
ist Sourav Pal, director of the 
National Chemical Laboratory 
in Pune. This is a legacy of the 
Cold War years. After indepen- 
dence in 1947, India adopted a 
Soviet-style academic system in 
which “undergraduate teaching 
was decoupled from research,” 
Ganesh says. Then a decade ago 
came a “great awakening,” he 
says: “We realized we needed to 
merge teaching and research.” 

One obstacle to reform is India’s employ- 
ment laws. Researchers of any caliber can 
easily gain tenure. At the same time, sci- 
entific stars have limited opportunities to 
advance in salary or rank. “Administrations 
must follow the policy of benign neglect with 
respect to high performers, even while turn- 
ing a blind eye to the significant dead wood 
accumulating in our institutions,” Balaram 
noted in his editorial. 

As a cure, the government has opted to 
spawn new institutions. In the past 5 years, 
Singh has presided over an expansion of 


NEW DELHI—Each year, India tallies an astounding 1.7 million cases of 
tuberculosis (TB). Some 400,000 people succumb to the disease, making 
it the leading cause of death in India for those in the prime of life, from 
15 to 45 years old. Most victims are poor, and pharmaceutical companies 
have little incentive to develop new drugs against the bug that causes TB, 
Mycobacterium tuberculosis. But the Indian government has a big incen- 
tive to reduce the disease burden. 

Faced with this conundrum, Samir Brahmachari had a brainstorm a 
few years ago: crowd-sourcing. “That means looking for experts you don’t 
know exist,” he says. “| wanted to do something very different.” So in 
2008, Brahmachari, a biophysicist and director general of the Council of 
Scientific and Industrial Research (CSIR), India’s largest network of sci- 
entific laboratories, launched the Open Source Drug Discovery (OSDD) 
network. Modeled after the open-source software community, OSDD’s 
army of volunteers is building a kind of Wikipedia on TB. Some 5500 par- 
ticipants in 130 countries respond to “work packages” posted by OSDD: 
questions on everything from the biology of M. tuberculosis to leads on 
drugs; answers are tagged and credited. 

“OSDD is an exciting new approach to drug discovery,” says Melvin 
Spigelman, president of the TB Alliance in New York City. “It provides the 
opportunity for virtually a limitless number of scientists to contribute to 
the solution of any given problem.” The Indian government gave OSDD 
$12 million in seed money; CSIR has requested $200 million over the 
next 5 years as the program ramps up for clinical trials and expands to 
other neglected diseases such as malaria and leishmaniasis, and possibly 
even cancer. “Drug discovery,” Brahmachari says, “is too serious a busi- 
ness to be left solely in the hands of pharmaceutical companies.” 


The first challenge that OSDD’s 
cyber-community assigned itself 
was to glean more information from 
the M. tuberculosis genome. It was 
sequenced in 1998, but researchers 
had clues to the functions of only a 
quarter of its 4000 genes. In Decem- 
ber 2009, OSDD set out to reanno- 
tate all possible genes. Some 500 vol- 
unteers got the job done in a mere 
4 months. Now OSDD is trying to 
exploit these data. “The more people 
you put to work on the problem, the 
more chances you will have to identify the set of compounds that will likely 
make it through compound optimization, animal models, preclinical, 
and, eventually, clinical trials. If you increase your success chances, then 
your overall costs decrease,” says Marc Marti-Renom of the National 
Center for Genomic Analysis in Barcelona, Spain. 

OSDD’s iterative approach has identified two drug candidates that 
it has contracted for testing. Under OSDD rules, data from program- 
sponsored clinical trials must be open for all to see—“a clear alterna- 
tive,” OSDD states, “to expensive clinical trials conducted in secrecy at 
high costs.” OSDD drugs will be available in the developing world as 
generics, Brahmachari says. “When it comes to health, we need to have a 
balanced view between health as a right and health as business,” he says. 
For TB and other neglected diseases, drug companies might embrace that 
philosophy. For cancer, all bets are off. -P.B. 


Open-source guru. CSIR’s Samir 
Brahmachari. 
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Drawing a Bead on India's Enigmatic Monsoon 


NEW DELHI—India's booming economy is still a gamble on the monsoon. In any given year, if rainfall climbs 
more than 10% above a long-term monsoon average, floods ensue. If it declines more than 10% below aver- 
age, a drought is declared. Slippage in either direction brings misery. For example, a drought in 2002 shrank 
India’s GDP by an estimated 5.8%. Every meteorologist’s dream here is to accurately predict the monsoon’s 
arrival, distribution, and departure. Toward that end, this year the Ministry of Earth Sciences is launching a 
5-year, $75 million “monsoon mission” to improve the study of complex ocean-atmosphere interactions. 

India receives 105 cm of rainfall on average per year, 80% carried on southwest winds that sweep in from 
the Indian Ocean from June to September. A winter monsoon also brings moisture from the northeast. Farm- 
ing is heavily dependent on the exact timing of the rain, especially where it is needed to germinate seed. Since 
official record-keeping began 137 years ago, the monsoon has never failed to arrive, and it has never delivered 
less than 75 cm of rain. But the spatial and temporal variations are vast—and this is what befuddles scientists. 
“Every year, the monsoon is peculiar in its own way,” says atmospheric scientist Jayaraman Srinivasan of the 
Indian Institute of Science in Bangalore. 

The India Meteorological Department here issues mon- 
soon forecasts but has not been able to accurately predict 
when the worst floods and droughts will occur. “Extremes 
are really difficult to forecast,” says Ajit Tyagi, the depart- 
ment’s former director general. Everything needs closer 
study: how clouds form, develop, and die—and, crucially, 
how global warming will change the monsoon. 

India’s “current prediction capabilities are inadequate,” 
concedes geologist Shailesh Nayak, secretary for the Earth 
‘ Sciences Ministry. A big bottleneck, he says, is a shortage 
Eetromme TinictoFeuite an darnerin Orices of trained scientists. By Nayak’s estimate, over the next 
examines his parched field in 2003. - 5 years India will need about 1200 skilled meteorologists, 

ny a Se but today has only about 350. The ministry has just 
; launched a recruitment campaign. 

In the new initiative, Indian scientists and overseas colleagues will try to adapt computer models devel- 
oped by the U.K. Met Office and the U.S. National Centers for Environmental Prediction for long-range fore- 
casting in India. The mission will also make use of data pouring in from Megha-Tropiques, an Indo-French 
satellite launched in October to monitor water and energy balance over the tropics. The Indian Institute of 
Tropical Meteorology in Pune will take the lead in seasonal forecasts and prediction of active and break peri- 
ods of the monsoon. A key aim is to produce a prediction model that uses open-source software such as Linux. 

The collaborative effort, Tyagi hopes, may at last “unravel the enigma that surrounds the Indian monsoon.” 

-P.B. 


ported | million students by the 
end of next year. 

Institutes, meanwhile, are striv- 
ing to close the gap between educa- 
tion and research. IISER Pune, for 
instance, encourages its undergrad- 
uates to join labs and author publi- 
cations. And CSIR is venturing into 
the teaching business. Last year, it 
established an accredited institution 
that’s gunning for 6000 students. 
“Tt’s a very important break from the 
Soviet model,” Pal says. 

One long-standing problem 
for science faculties is that many 
top graduates turn up their noses 
at academic careers. They flock 
to information technology, where 
companies offer large entry-level 
salaries. Meanwhile, those who 
stick with science tend to go over- 
seas for postdocs, depriving Indian 
labs of the creative sparks that are 
the hallmark of labs in Europe and 
the United States. Stints in over- 
seas labs are seen as a ticket to a 
decent position back in India. “Peo- 
ple think you need to go abroad to 
get a job here,” says NCBS neuro- 
scientist Sumantra Chattarji. 

Hoping to show that’s not nec- 
essarily the case, the Department 
of Biotechnology and the U.K.’s 
Wellcome Trust teamed up in 
2008 to create a 5-year, $140 mil- 
lion fellowship program for up to 
375 young investigators in India. 
“Now we’re able to create an envi- 
ronment and mechanisms for post- 
docs to stay here,” Ayyar says. “You 


the education and research system not wit- 
nessed since the 1940s. Back then, the coun- 
try’s first prime minister, Jawaharlal Nehru, 
saw research labs as the “temples of modern 
India” and set in motion the creation of the 
elite Indian Institutes of Technology. 

An impressive new phenomenon is the 
Indian Institutes of Scientific Education and 
Research, of which there are now five. The 
decision to establish them was controversial. 
“A lot of people were against the IISERs. 
They thought, ‘Why not upgrade existing uni- 
versities?’ ” Pal says. Skeptics warned that 
there wouldn’t be enough skilled instructors 
to go around. The rapid buildup in fact has 
meant uneven faculties at some institutes. “If 
you can’t get teachers who are qualified, you 
start compromising,” Mashelkar says. Critics 
also say that the IISERs will skim off talented 
high school science grads, leaving impover- 
ished universities in worse condition. 


“We need to find ways to attract intel- 
ligent students into science,” Ganesh says. 
Toward that end, the government’s Depart- 
ment of Science and Technology hopes 
to hook youngsters on science through 
INSPIRE—Innovation in 
Science Pursuit for Inspired 
Research—a 5-year, $500 
million program that hands 
out $125 grants to top sci- 
ence students at every high 
school in the nation. “We 
hope to catch them young 
and build a cadre of top- 
quality researchers,” says 
T. Ramaswami, secretary 
of the Department of Sci- 
ence and Technology in 
New Delhi. He spearheads 
this ambitious scheme, 
which aims to have sup- 


Minding the gap. Krishna Ganesh 
is melding teaching and research. 


might think this is a small step. But it’s about 
changing the way people think.” 

As India’s economy roars and Western 
nations limp along, the trickle of talented 
expatriates returning home may turn into a 
flood. “You can be richer 
in India as an assistant pro- 
fessor than in the United 
States,” says Ganesh, who 
says that new recruits to 
IISER Pune receive royal 
treatment. “We give them 
whatever they want to start 
up a lab.” His institute may 
be a new kid on the block. 
But considering the climate 
for science in India these 
days, Ganesh says, “I have 
no excuse to fail.” 

-RICHARD STONE 
With reporting by Pallava Bagla. 
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$30 million, 1300-square-meter clean lab 
for nanotechnology. It’s instrumented to 
the hilt. “Money is not much of a prob- 
lem,” says materials scientist Srinivasan 
Raghavan, one of four IISc Bangalore 


researchers who are helping midwife the 
new lab. All is not flawless: Raghavan 
and his colleagues suffer “supply-chain” 
delays due to Indian import regulations, 
he says, and a sanctions hangover. It took 


Ad Astra, With a ‘Uniquely Indian Flavor’ 


BANGALORE, INDIA—India's space program has a bold agenda this year: It aims to launch five 
rockets and four satellites, all built at home. The Indian Space Research Organisation (ISRO) already 
has 11 remote-sensing satellites in orbit—the largest constellation of civilian eyes in the sky. This 
record puts India securely in the global space club. 

Part of India’s achievement is to have joined at a modest cost. ISRO’s $1.5 billion annual budget 
is almost 10 times smaller than NASA's. But its dreams are not modest. In the coming years, ISRO 
plans planetary exploration missions, a reusable launch vehicle, and a program to send astronauts 
into space. “In a very tough economic environment, India remains one of the few countries in the 
world which maintains and even reinforces its space program,” says Jean-Yves Le Gall, chair and CEO 
of Arianespace in Paris. “This is absolutely remarkable.” 

In its 5-year plan submitted last month, ISRO sets some con- 
crete goals. One is to see that its big rocket—the Geosynchronous 
Satellite Launch Vehicle (GSLV)—becomes “a reliable vehicle.” 
The GSLV can put a 2-ton communications satellite in orbit; a new 
version is designed to launch 4-ton satellites. But GSLV's record is 
spotty. Only two of seven launches have been fully successful. One 
of the liquid cryogenic upper stages—designed in India—packed 
up within seconds after ignition in an April 2010 launch. Retool- 
ing it is a top priority. 

On the scientific front, last October, India launched Megha- 
Tropiques, an Indo-French satellite to collect data on water and 
energy balance over the tropics. This mission marked the 19th 
consecutive successful launch of India’s smaller rocket, the Polar 
Satellite Launch Vehicle. After lengthy delays, ISRO plans to use 
that rocket in 2013 to orbit its first dedicated astronomy satellite, Astrosat, which will be equipped 
with a suite of telescopes to view the sky in optical, infrared, ultraviolet, and gamma wavelengths. 

ISRO’s greatest claim to fame is the scintillating finding of water on the moon. Instruments 
aboard the 2008-09 Chandrayaan-1 probe, a bargain at about $100 million, uncovered water 
molecules on the lunar surface. The finding demonstrates that “the moon can support long-term 
human presence, a discovery of vital significance to man’s future in space,” says Paul D. Spudis, a 
lunar scientist at the Lunar and Planetary Institute in Houston, Texas, who ran a radar experiment 
aboard Chandrayaan-1 that detected traces of water. India is planning a return trip to the moon with 
a lander and rover in 2014. Also in the works is a solar mission in 2014 called Aditya and, in the next 
5 years, an asteroid flyby. And while NASA earlier this month revealed that it has canceled a pair of 
upcoming Mars missions, ISRO is sketching out a robotic mission to Mars within a decade. 

Whereas the United States has given up on shuttles, India now wants to build its own. Recyclable 
technology would sharply reduce launch costs, ISRO says. A first-generation vehicle would lift off 
vertically and land in the sea; later models would glide to a runway. A prototype is housed at a secret 
facility in Kerala, says ISRO Chair K. Radhakrishnan. 

The defining moment for India’s space program will come when India sends humans into space, 
Radhakrishnan says. ISRO has proposed a massive $2.5 billion project. Within 7 years of receiving 
government approval, India could orbit a few astronauts for a week, then later send them to the 
moon, Radhakrishnan says. 

The government has approved about $25 million for preliminary studies “to wet our hands” with 
technology involved in human space flight, Radhakrishnan says. The big project may run into resis- 
tance. Asked whether this is the right thrust for Indian science, C. N. R. Rao, science adviser to Indian 
Prime Minister Manmohan Singh, said, “I have nothing against man going anywhere, but | am more 
worried about people on this earth.” In an interview with Science, Singh declined to endorse the 
human space flight program (see p. 907). 

Radhakrishnan is confident that ISRO’s vision will prevail. “India is poised to soar higher in 
space,” he says. “But it will be done with a uniquely Indian flavor.” -P.B. 


Chandrayaan-1 


several months, for instance, to import a 
2-centimeter-square piece of ultrathin zir- 
conia foil for experiments with nanopo- 
rous zirconium. That foil is used in the 
nuclear industry, and despite the easing 
of restrictions, some countries still hesi- 
tate to export high-tech equipment and 
materials to India, says [Sc Bangalore’s 
S. A. Shivashankar, who got the ball rolling 
on the nanotech lab a decade ago. It will be 
fully operational next month and is expected 
to churn out 50 Ph.D. scientists a year. 

State-of-the-art facilities are popping up 
far and wide. Ensuring their smooth opera- 
tion is a challenge, however. “We readily can 
purchase expensive equipment,” Shashid- 
hara says. But he and others are frustrated 
over Indian regulations that limit spending 
on reagents and other research materials. 
“The government tells us to cut down con- 
sumables. It’s considered waste.” 

The main impediment, scientists often say, 
is the bureaucracy. “Even the best of inten- 
tions can disappear without a trace in the 
quicksands of officialdom,” IISc Bangalore 
Director Padmanabhan Balaram penned in an 
editorial last month in India’s premier jour- 
nal, Current Science. There’s a lack of trans- 
parency. And bureaucrats sometimes demand 
that researchers give a regular accounting of 
progress on their grants. According to HSc 
Bangalore’s Gadagkar, who studies social 


ie 
Dreaming small. IISc Bangalore's Srinivasan 
Raghavan and S. A. Shivashankar will roll out their 
nanotechnology clean lab next month. 


behavior of wasps, “I will be evaluated as if I 
was building a road. They want a report every 
3 kilometers.” 

On the bright side, Indian researchers will 
have more opportunities to explain how they 
are spending their money. Major directions 
in the next 5-year plan include a $350 mil- 
lion Neutrino Observatory in Theni—India’s 
single largest investment to date in basic 


Continued on page 909 
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Q&A: MANMOHAN SINGH 


India's Scholar—Prime Minister Aims 


For Inclusive Development 


NEW DELHI—Indian Prime Minister Manmohan Singh vowed last 
month to more than double the nation’s R&D spending to $8 billion 
a year by 2017. The pledge was no bolt from the blue. Since taking 
office in May 2004, Singh has launched initiatives to entice over- 
seas scientists to return home, create elite universities, and establish 
a grants agency modeled after the U.S. National Science Foundation 
(see p. 891). 

But the largesse announced at the Indian Science Congress comes 
with a sobering assessment. “Over the past few decades, India’s rela- 
tive position in the world of science had been declining, and we have 
been overtaken by countries like China,” Singh declared. In an exclu- 
sive interview with Science, Singh reiterated that concern, observing 
that “China is in many ways far ahead of India.” 

In academic circles, Singh enjoys a form of street cred. “He’s 
a scholar, a thinker,’ says Raghunath “Ramesh” Mashelkar, for- 
mer director general of India’s Council of Scientific and Industrial 
Research. Born in 1932 in Gah, now part of Pakistan, Singh walked 
to school and studied by the light of a kerosene lantern as a boy in his 
unelectrified village before becoming a professor at the Delhi School 
of Economics. As finance minister from 1991 to 1996, Singh pre- 
sided over reforms that have transformed India into one of the world’s 
fastest growing economies. 

Gentle and modest, Singh’s soft-spoken demeanor belies the grit 
he has shown on some issues of importance to scientists. He staked his 
government’s future on nuclear power when, overriding fierce oppo- 
sition, he inked a controversial deal with the United States in 2008 
that opened India’s civilian nuclear industry to the outside world. He 
has struck a cautious stance on genetically modified (GM) foods; in 
2009, he did not intervene when his former environment minister 
rejected a scientific panel’s advice and banned commercial planting 
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Academic to the core. Manmohan Singh is 
reshaping the higher education landscape. 


of GM eggplant, or brinjal, until addi- 
tional safety trials are completed. 

On balance, Indian scientists give 
Singh high marks for his tenure as 
prime minister. Last month, they 
elected him general president of the 
Indian Science Congress Association 
during its centenary year—the first 
prime minister to receive that honor. In 
an interview at his residence here with 
Editor-in-Chief Bruce Alberts, Asia 
news editor Richard Stone, and India 
correspondent Pallava Bagla, Singh 
shared his thoughts about compet- 
ing with China, foreign interference 
in the GM food debate, and how to 
tightly harness R&D to development 
in a country in which 42% of children 
are malnourished. The following tran- 
script is edited for clarity and brevity. 
—PALLAVA BAGLA AND RICHARD STONE 


Q: At the Indian Science Congress 
last month, you said that “we need 
to do much more to change the face 
of Indian science.” Please elaborate. 

M.S.: Well, we need to spend a lot more 
on research and development. Our 
share of GDP which we spend on R&D is about 1%, and I said that 
we should raise it to about 2% of GDP. We need to spend a lot more 
money on the areas where our development needs are actively served 
by developments in science, technology, and innovation. So in our 
country today we have a situation where as far as the public sector is 
concerned, our proportion of GDP going into R&D in science and 
technology is roughly the same as the other developing countries, 
but it is the private sector in our country which has to do a lot more. 


Q: What kind of incentives might work for industry? 

M.S.: These matters cannot be decided upon merely ina short period. 
It is a medium-term process. We have a plan which will be launched 
from April for the next 5 years. Our effort will be to increase gradu- 
ally the proportion of money spent on R&D and at the same time 
create a system of incentives which will induce the private sector to 
increase their spending on science and technology. 


Q: In the United States, 17% of total research and development 
spending is spent in higher education systems, whereas in India 
the number is about 4%. It is the lowest percentage of any of your 
peers. Is this a problem that needs to be fixed? 
M.S.: Well, we need to spend a lot more money on education, more so 
on higher education. We have increased the number of IITs [Indian 
Institutes of Technology]. We have increased the number of Indian 
Institutes for Information Technology in a massive way. We are 
going to increase the number of what we call innovation universities. 
So Lam confident that the landscape of higher education in India will 
change enormously in the next 5 to 10 years. 

Our real problem is quality teaching staff. We are trying to induce 
more people to go for Ph.D. degrees in science and technology. I 
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think we are making some impact, but not as fast as we need in order 
to meet the needs of our higher education system. Therefore, we must 
also find innovative means to draw upon the Indians working in the 
universities abroad, particularly in the United States, to find some 
time to spend teaching in our country. 


Q: You also mentioned in your speech at the science congress about 
the need to do more to address the developmental needs of India 
through research. A good example is [agricultural scientist] M. S. 
Swaminathan’s efforts to bring the benefits of science to Indian vil- 
lages. Does India need to 
do more to invest in that 
kind of science and if so, 
how might it be done? 
M.S.: We need to pay a 
lot more attention to the 
development of our agri- 
culture. That will accel- 
erate the tempo of rural 
development, which 
will help to increase the 
opportunities for our sci- 
entists to work in rural 
areas in development of 
water-management tech- 
nologies, in development 
of environment-friendly 
technologies, and also 
communicable diseases. 
We have to pay a lot 
more attention to R&D, 
tackling the problems of 
communicable diseases. We are victims of a double whammy. There 
are diseases which are peculiar to developing countries, but there 
are also diseases, which | think know no level of development, and 
in both these areas we have opportunities. 

The Indian agricultural research system could also be made 
much more productive in tackling problems of what I have often 
described as ushering in a second green revolution. We have diffi- 
culties in increasing the productivity of dry land agriculture. That 
means technologies which will save water and technologies which 
will conserve energy also should get a lot more attention. 


Q: Why did your government put a morato- 
rium on the release of Bt brinjal? 

M.S.: Biotechnology has enormous potential, 
and in due course of time we must make use 
of genetic engineering technologies to increase 
the productivity of our agriculture. But there 
are controversies. There are NGOs, often 
funded from the United States and the Scan- 
dinavian countries, which are not fully appre- 
ciative of the development challenges that our 
country faces. But we are a democracy, we are 
not like China. 

You know, for example, what’s happening in Kudankulam [in 
southern India, where local NGO-led protests have stalled commis- 
sioning of two 1000-megawatt nuclear reactors]. The atomic energy 
program has got into difficulties because these NGOs, mostly I think 
based in the United States, don’t appreciate the need for our country 
to increase the energy supply. 


Candid exchange. In an interview with Science Editor-in-Chief Bruce Alberts and colleagues, 
Manmohan Singh shared his concerns about GM foods, nuclear activists, and China. 


“Science and technology 
are the ultimate salvation 
for finding meaningful new 
pathways for developing 


our economy.” 
—MANMOHAN SINGH 


Q: After the Fukushima disaster in Japan, do you still think that 
nuclear energy has a role in India? 

M.S.: Yes, where India is concerned, yes. The thinking segment of our 
population certainly is supportive of nuclear energy. 


Q: At the science congress, you mentioned your feeling that China 
has overtaken India in science. Are you competing with China? 
M.S.: Well, we are competing, yes and no. India and China are 
engaged in a stage of development where we have both to compete 
and cooperate. We are the two largest developing countries and the 
two fastest growing 
countries. China is our 
great neighbor. Now, 
we’ve had in the past 
problems way back in 
the 1960s, but we are 
finding pathways to 
promote cooperation. 


Q: India has invested 
very large amounts of 
money in space. 

M.S.: And it has paid off. 


Q: The country wants to 
put astronauts in space. 
Indian astronauts from 
Indian soil using Indian 
rockets. Is that some- 
thing you support? 
M.S.: We supported the 
Chandrayaan lunar mis- 
sions. And satellite technologies, rocket technologies—those are, I 
think, highly favorable outcomes of the Indian space program, and 
we need to do more. 


Q: But what about the astronaut program? The Indian Space 
Research Organisation is asking for $2.5 billion. You talk of 
inclusive growth. In that inclusive growth, how does human space 
flight fit in? 

M.S.: Well, ultimately science and technology must be viewed as 
an instrument of raising the standard of living of our people. Now, 
if information technology can be seen to promote the develop- 
ment of our country, particularly in the inclu- 
sive style of development, I think people will 
see space technology also as a new way of 
dealing with the ancient scourges of poverty, 
ignorance, and disease. Science and tech- 
nology are the ultimate salvation for finding 
meaningful new pathways of developing our 
economy. 


Q: Where do you see the future of Indian sci- 
ence in 20 years? 
M.S.: Indian science has a very bright future. I have no doubt that we 
will scale new heights, we will explore new frontiers, and more and 
more young people will take to science as a career. Things are already 
changing for the better. 

One has to be optimistic. In poor countries, unless one is optimistic, 
one is overwhelmed by the dimension of the development task that we 
have to accomplish. 
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Continued from page 906 


research—a novel open-source drug discov- 
ery program (see sidebar below), a $1 bil- 
lion supercomputing initiative, and an effort 
to improve forecasts of the summer mon- 
soon (see p. 910). At the science congress last 
month, Singh also vowed to double public 
and private R&D spending as a percentage of 
GDP to 2% by 2017. That will require much 
higher expenditures from the private sector, 
which currently contributes a mere 33% of 
total R&D spending. 

Some observers wonder whether India’s 
scientific community can make good use 
of the windfall. By Western standards, few 
disciplines or institutes have built up a criti- 
cal mass. “The entire biology community 
of India is smaller than that of Boston,” 
Shashidhara says. In genetics and develop- 
ment, he says, “many people are just doing 
gap-filling work.” Researchers in other dis- 
ciplines voice similar complaints. “In any 
given area of science or engineering, the 
number of experts is rather small in India,” 
says Rao, who says that nationwide only five 
or six researchers are studying graphene— 
one of the hottest areas of materials science. 

To build capacity, the government is woo- 


Feeling caged in. The Indian system discourages breakthrough 
research, says sociobiologist Raghavendra Gadagkar, who studies 


wasp behavior. 


ing overseas talent through fellowship pro- 
grams. “There’s a concerted movement to 
bring people back,” says Savita Ayyar, head 
of the research development office at the 
National Centre for Biological Sciences 
(NCBS) here. And scientists on their own 
have organized “Young Investigator Meet- 
ings” in U.S. cities meant to entice newly 
minted Ph.D.s and postdocs. 


Science for the masses 

The flip side of the shortage of well-trained 
researchers is the inadequacy of labs and 
institutes. Most of the 350-odd state univer- 


Crowd-Sourcing Drug Discovery 


sities “are terribly run,’ Ganesh 
says. Few can brag of world- 
class research. “They’re bro- 
ken down,” says physical chem- 
ist Sourav Pal, director of the 
National Chemical Laboratory 
in Pune. This is a legacy of the 
Cold War years. After indepen- 
dence in 1947, India adopted a 
Soviet-style academic system in 
which “undergraduate teaching 
was decoupled from research,” 
Ganesh says. Then a decade ago 
came a “great awakening,” he 
says: “We realized we needed to 
merge teaching and research.” 

One obstacle to reform is India’s employ- 
ment laws. Researchers of any caliber can 
easily gain tenure. At the same time, sci- 
entific stars have limited opportunities to 
advance in salary or rank. “Administrations 
must follow the policy of benign neglect with 
respect to high performers, even while turn- 
ing a blind eye to the significant dead wood 
accumulating in our institutions,” Balaram 
noted in his editorial. 

As a cure, the government has opted to 
spawn new institutions. In the past 5 years, 
Singh has presided over an expansion of 


NEW DELHI—Each year, India tallies an astounding 1.7 million cases of 
tuberculosis (TB). Some 400,000 people succumb to the disease, making 
it the leading cause of death in India for those in the prime of life, from 
15 to 45 years old. Most victims are poor, and pharmaceutical companies 
have little incentive to develop new drugs against the bug that causes TB, 
Mycobacterium tuberculosis. But the Indian government has a big incen- 
tive to reduce the disease burden. 

Faced with this conundrum, Samir Brahmachari had a brainstorm a 
few years ago: crowd-sourcing. “That means looking for experts you don’t 
know exist,” he says. “| wanted to do something very different.” So in 
2008, Brahmachari, a biophysicist and director general of the Council of 
Scientific and Industrial Research (CSIR), India’s largest network of sci- 
entific laboratories, launched the Open Source Drug Discovery (OSDD) 
network. Modeled after the open-source software community, OSDD’s 
army of volunteers is building a kind of Wikipedia on TB. Some 5500 par- 
ticipants in 130 countries respond to “work packages” posted by OSDD: 
questions on everything from the biology of M. tuberculosis to leads on 
drugs; answers are tagged and credited. 

“OSDD is an exciting new approach to drug discovery,” says Melvin 
Spigelman, president of the TB Alliance in New York City. “It provides the 
opportunity for virtually a limitless number of scientists to contribute to 
the solution of any given problem.” The Indian government gave OSDD 
$12 million in seed money; CSIR has requested $200 million over the 
next 5 years as the program ramps up for clinical trials and expands to 
other neglected diseases such as malaria and leishmaniasis, and possibly 
even cancer. “Drug discovery,” Brahmachari says, “is too serious a busi- 
ness to be left solely in the hands of pharmaceutical companies.” 


The first challenge that OSDD’s 
cyber-community assigned itself 
was to glean more information from 
the M. tuberculosis genome. It was 
sequenced in 1998, but researchers 
had clues to the functions of only a 
quarter of its 4000 genes. In Decem- 
ber 2009, OSDD set out to reanno- 
tate all possible genes. Some 500 vol- 
unteers got the job done in a mere 
4 months. Now OSDD is trying to 
exploit these data. “The more people 
you put to work on the problem, the 
more chances you will have to identify the set of compounds that will likely 
make it through compound optimization, animal models, preclinical, 
and, eventually, clinical trials. If you increase your success chances, then 
your overall costs decrease,” says Marc Marti-Renom of the National 
Center for Genomic Analysis in Barcelona, Spain. 

OSDD’s iterative approach has identified two drug candidates that 
it has contracted for testing. Under OSDD rules, data from program- 
sponsored clinical trials must be open for all to see—“a clear alterna- 
tive,” OSDD states, “to expensive clinical trials conducted in secrecy at 
high costs.” OSDD drugs will be available in the developing world as 
generics, Brahmachari says. “When it comes to health, we need to have a 
balanced view between health as a right and health as business,” he says. 
For TB and other neglected diseases, drug companies might embrace that 
philosophy. For cancer, all bets are off. -P.B. 


Open-source guru. CSIR’s Samir 
Brahmachari. 
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Drawing a Bead on India's Enigmatic Monsoon 


NEW DELHI—India's booming economy is still a gamble on the monsoon. In any given year, if rainfall climbs 
more than 10% above a long-term monsoon average, floods ensue. If it declines more than 10% below aver- 
age, a drought is declared. Slippage in either direction brings misery. For example, a drought in 2002 shrank 
India’s GDP by an estimated 5.8%. Every meteorologist’s dream here is to accurately predict the monsoon’s 
arrival, distribution, and departure. Toward that end, this year the Ministry of Earth Sciences is launching a 
5-year, $75 million “monsoon mission” to improve the study of complex ocean-atmosphere interactions. 

India receives 105 cm of rainfall on average per year, 80% carried on southwest winds that sweep in from 
the Indian Ocean from June to September. A winter monsoon also brings moisture from the northeast. Farm- 
ing is heavily dependent on the exact timing of the rain, especially where it is needed to germinate seed. Since 
official record-keeping began 137 years ago, the monsoon has never failed to arrive, and it has never delivered 
less than 75 cm of rain. But the spatial and temporal variations are vast—and this is what befuddles scientists. 
“Every year, the monsoon is peculiar in its own way,” says atmospheric scientist Jayaraman Srinivasan of the 
Indian Institute of Science in Bangalore. 

The India Meteorological Department here issues mon- 
soon forecasts but has not been able to accurately predict 
when the worst floods and droughts will occur. “Extremes 
are really difficult to forecast,” says Ajit Tyagi, the depart- 
ment’s former director general. Everything needs closer 
study: how clouds form, develop, and die—and, crucially, 
how global warming will change the monsoon. 

India’s “current prediction capabilities are inadequate,” 
concedes geologist Shailesh Nayak, secretary for the Earth 
‘ Sciences Ministry. A big bottleneck, he says, is a shortage 
Eetromme TinictoFeuite an darnerin Orices of trained scientists. By Nayak’s estimate, over the next 
examines his parched field in 2003. - 5 years India will need about 1200 skilled meteorologists, 

ny a Se but today has only about 350. The ministry has just 
; launched a recruitment campaign. 

In the new initiative, Indian scientists and overseas colleagues will try to adapt computer models devel- 
oped by the U.K. Met Office and the U.S. National Centers for Environmental Prediction for long-range fore- 
casting in India. The mission will also make use of data pouring in from Megha-Tropiques, an Indo-French 
satellite launched in October to monitor water and energy balance over the tropics. The Indian Institute of 
Tropical Meteorology in Pune will take the lead in seasonal forecasts and prediction of active and break peri- 
ods of the monsoon. A key aim is to produce a prediction model that uses open-source software such as Linux. 

The collaborative effort, Tyagi hopes, may at last “unravel the enigma that surrounds the Indian monsoon.” 

-P.B. 


ported | million students by the 
end of next year. 

Institutes, meanwhile, are striv- 
ing to close the gap between educa- 
tion and research. IISER Pune, for 
instance, encourages its undergrad- 
uates to join labs and author publi- 
cations. And CSIR is venturing into 
the teaching business. Last year, it 
established an accredited institution 
that’s gunning for 6000 students. 
“Tt’s a very important break from the 
Soviet model,” Pal says. 

One long-standing problem 
for science faculties is that many 
top graduates turn up their noses 
at academic careers. They flock 
to information technology, where 
companies offer large entry-level 
salaries. Meanwhile, those who 
stick with science tend to go over- 
seas for postdocs, depriving Indian 
labs of the creative sparks that are 
the hallmark of labs in Europe and 
the United States. Stints in over- 
seas labs are seen as a ticket to a 
decent position back in India. “Peo- 
ple think you need to go abroad to 
get a job here,” says NCBS neuro- 
scientist Sumantra Chattarji. 

Hoping to show that’s not nec- 
essarily the case, the Department 
of Biotechnology and the U.K.’s 
Wellcome Trust teamed up in 
2008 to create a 5-year, $140 mil- 
lion fellowship program for up to 
375 young investigators in India. 
“Now we’re able to create an envi- 
ronment and mechanisms for post- 
docs to stay here,” Ayyar says. “You 


the education and research system not wit- 
nessed since the 1940s. Back then, the coun- 
try’s first prime minister, Jawaharlal Nehru, 
saw research labs as the “temples of modern 
India” and set in motion the creation of the 
elite Indian Institutes of Technology. 

An impressive new phenomenon is the 
Indian Institutes of Scientific Education and 
Research, of which there are now five. The 
decision to establish them was controversial. 
“A lot of people were against the IISERs. 
They thought, ‘Why not upgrade existing uni- 
versities?’ ” Pal says. Skeptics warned that 
there wouldn’t be enough skilled instructors 
to go around. The rapid buildup in fact has 
meant uneven faculties at some institutes. “If 
you can’t get teachers who are qualified, you 
start compromising,” Mashelkar says. Critics 
also say that the IISERs will skim off talented 
high school science grads, leaving impover- 
ished universities in worse condition. 


“We need to find ways to attract intel- 
ligent students into science,” Ganesh says. 
Toward that end, the government’s Depart- 
ment of Science and Technology hopes 
to hook youngsters on science through 
INSPIRE—Innovation in 
Science Pursuit for Inspired 
Research—a 5-year, $500 
million program that hands 
out $125 grants to top sci- 
ence students at every high 
school in the nation. “We 
hope to catch them young 
and build a cadre of top- 
quality researchers,” says 
T. Ramaswami, secretary 
of the Department of Sci- 
ence and Technology in 
New Delhi. He spearheads 
this ambitious scheme, 
which aims to have sup- 


Minding the gap. Krishna Ganesh 
is melding teaching and research. 


might think this is a small step. But it’s about 
changing the way people think.” 

As India’s economy roars and Western 
nations limp along, the trickle of talented 
expatriates returning home may turn into a 
flood. “You can be richer 
in India as an assistant pro- 
fessor than in the United 
States,” says Ganesh, who 
says that new recruits to 
IISER Pune receive royal 
treatment. “We give them 
whatever they want to start 
up a lab.” His institute may 
be a new kid on the block. 
But considering the climate 
for science in India these 
days, Ganesh says, “I have 
no excuse to fail.” 

-RICHARD STONE 
With reporting by Pallava Bagla. 
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LETTERS 


edited by Jennifer Sills 


Uniting Church and Science for Conservation 


HUMANS HAVE BEEN CUTTING ETHIOPIAN FORESTS FOR FUEL AND AGRICULTURE FOR CENTURIES 
(J). Only about 35,000 fragments remain in the northern highlands, ranging in size from 3 to 
300 hectares. These fragments escaped deforestation because of their religious and spiritual 
importance; they are protected by, and are an integral part of, the Ethiopian Orthodox Tewahido 
Church (2). Within each forest, an Orthodox priest and his disciples live, conduct services, 
and oversee its use. These forests are both a religious and a biodiversity sanctuary (3—6), and 
they provide local people with essential ecosystem services such as fresh water, shade, honey, 
pollinators, and spiritual value. 

The church leadership views biodiversity conservation as one of its primary stewardships, 
but the lack of perimeter delineation of these forest fragments threatens their future. Presently, 
less than 4% of the original forest cover remains in the region (7, 8), and the remaining forests 
continue to be encroached upon (9), in part because of population increases—Ethiopia had a 
population of 43 million in 1984 but almost 80 million by 2000 (/0). These church forests are 
also threatened by foraging livestock that increase soil compaction, hindering seed germina- 
tion and forest regeneration. Sadly, when a forest disappears, the priest, his disciples and oth- 
ers living in the area also leave. 

With such precious few frag- 
ments remaining, Ethiopia faces 
a conservation crisis. Under- 
standing the role that church 
forests play in the provision of 
ecosystem services is critical, 
particularly for soil conserva- 
tion, fresh water protection, and 
carbon sequestration. To pre- 
serve these forests, and perhaps ps: 
even expand them, we must Md a : 
take an immediate, aggressive, Valued. A church forest stands out against barren surroundings. 
and multidisciplinary approach 
that includes all stakeholders. For example, biologists, social scientists, ethnographers, reli- 
gious leaders, and local people must collaborate. We must work to understand the relationship 
between local peoples and the forest and empower them to protect it. More immediately, we 
must establish perimeters to prevent grazing and encourage the planting of local trees in the 
forest areas (8). By taking these steps, we can protect Ethiopia’s forests from further decline. 
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Growing Need for 
Agriculture Experts 


ISSUES RELATED TO THE SAFETY AND SECURITY 
of our food supply top the news on a regular 
basis [e.g., (7, 2)]. Yet the news media con- 
tinue to undermine the entry of students into 
the study of agriculture (3, 4). 

Statistical data from the U.S. Department 
of Labor (5) and U.S. Department of Agricul- 
ture (6) indicate an expected growth in most 
agriculture-related fields, including inspec- 
tors, scientists, and veterinarians. The Bureau 
of Labor Statistics projects that over the next 
five years, there will be a 5% increase in the 
need for graduates in these disciplines, but a 
10% decline in the number of students choos- 
ing these important programs as their career 
path (7). This means a shortfall of qualified 
workers in the areas where we need them 
most—horticulture, animal husbandry, food 
science, and climate change or environmental 
analysis. There are also growing opportuni- 
ties in industries with activities linked to agri- 
culture, such as transporting food, specialty 
processing (e.g., coffee brewing), address- 
ing dietetic concerns, protecting animal wel- 
fare, and producing pet foods. The Bureau of 
Labor Statistics also suggests an 8% increase 
in the need for qualified, well-educated agri- 
culture managers to keep pace with quickly 


LETIERS 


advancing technological methods of farming 
across the United States and abroad, along 
with changes in regulations at all government 
levels (7). 

The bottom line: Agriculture isn’t dead. In 
fact, no other industry feeds the world’s popu- 
lation, which could hit 9 billion by 2050 (8). 
The need for graduates in agriculture, hor- 
ticulture, and animal science programs will 
be critical to finding ways of safely doubling 
food production in order to meet the demand 
of a growing population. 
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Demography’s Role in 
Sustainable Development 


IN PREPARING FOR THE RIO+20 EARTH 
Summit, the world community must acknowl- 
edge that population trends interact strongly 
with economic development and environ- 
mental change at local and global levels. The 
International Institute for Applied Systems 
Analysis (IIASA) recently convened leading 
experts to consider how demographic factors 
promote or impede sustainable development. 
The panel concluded that human beings— 
their numbers, distribution, and characteris- 
tics—are at the center of concern for sustain- 
able development (/). The evidence is clear 
that demographic differences fundamentally 
affect people’s contribution to environmental 
burdens, their ability to participate in sustain- 
able development, and their adaptability to 
a changing environment. The developmen- 
tal challenges are by far the most significant 
where population growth and poverty are the 
highest, education is the lowest, and vulnera- 
bilities to environmental change are the great- 
est. Within families, women and children are 
most vulnerable. 

As members of this panel, we put forward 
five action implications: (i) Recognize that 
the numbers, characteristics, and behaviors 
of people are at the heart of sustainable devel- 
opment challenges and of their solutions. (11) 
Identify subpopulations that contribute most 
to environmental degradation and those that 


are most vulnerable to its consequences. In 
poor countries especially, these subpopula- 
tions are readily identifiable according to age, 
gender, level of education, place of residence, 
and standard of living. (iii) Devise sustainable 
development policies to treat these subpopu- 
lations differently and appropriately, accord- 
ing to their demographic and behavioral char- 
acteristics. (iv) Facilitate the inevitable trend 
of increasing urbanization in ways that ensure 
that environmental hazards and vulnerabili- 
ties are under control. (v) Invest in human cap- 
ital—people’s education and health, includ- 
ing reproductive health—to slow population 
growth, accelerate the transition to green 
technologies, and improve people’s adaptive 
capacity to environmental change. 
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Letters to the Editor 


Letters (~300 words) discuss material published 
in Science in the past 3 months or matters of 
general interest. Letters are not acknowledged 


upon receipt. Whether published in full or in part, 
Letters are subject to editing for clarity and space. 
Letters submitted, published, or posted elsewhere, 
in print or online, will be disqualified. To submit a 
Letter, go to www.submit2science.org. 
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TECHNICAL COMMENT ABSTRACTS 


News & Analysis: “New cystic fibrosis drug offers hope, at a price” by J. Kaiser (10 Febru- 
ary, p. 645). Paul Negulescu is vice president of research at Vertex Pharmaceuticals, not vice 
president for discovery biology. 


News of the Week: “Crafoord Prizes announced” (27 January, p. 385). In the description of 
the Green-Tao theorem, the phrase “by adding any integer progressively to a starting num- 
ber” should have read “by adding some integer progressively to some starting number.” 
The item also incorrectly characterized the Schrddinger equation studied by prizewinner 
Jean Bourgain. That differential equation, which is the basis for nonrelativistic quantum 
mechanics, is linear. Bourgain studied the more complicated nonlinear Schrédinger equa- 
tion, which has applications in nonlinear optics, the study of water waves, and the physics 
of Bose-Einstein condensates. 


News Focus: “Ferreting out the hidden cracks in the heart of a continent” by N. Lubick 
(27 January, p. 397). In the figure, the label “Cairo, Missouri” should read “Cairo, Illinois.” 


Research Articles: “EPOX! at comet Hartley 2” by M. F. A’Hearn et al. (17 June 2011, 
p. 1396). The Research Article mentioned a dramatic increase in the flux with the Medium 
Resolution Instrument (MRI) roughly 6 weeks before the encounter. This effect was most 
pronounced with the CN narrowband filter in place—as large as a factor of 8—while fluxes 
measured with the broad band CLEAR? filter increased by about 50%. Because the sudden 
onset and long duration of the event was unlike any cometary outburst, it was dubbed a “CN 
anomaly.” The authors have since found that the anomaly was caused by a small light leak 
that allowed some indirect sunlight to enter the instrument for solar elongations between 
118° and 128°. Because of the design of the spacecraft and its instruments, observations at 
such large solar elongations are rarely made and were assumed out of range in designing 
the instrument, so the light leak had not previously been seen. No other data are affected 
by this instrumental artifact. 


Comment on “Lévy Walks Evolve Through Interaction 
Between Movement and Environmental Complexity” 


Vincent A. A. Jansen, Alla Mashanova, Sergei Petrovskii 


de Jager et al. (Reports, 24 June 2011, p. 1551) concluded that mussels Lévy walk. 
We confronted a larger model set with these data and found that mussels do not Lévy 
walk: Their movement is best described by a composite Brownian walk. This shows 
how model selection based on an impoverished set of candidate models can lead to 
incorrect inferences. 


Full text at www.sciencemag.org/cgi/content/full/335/607 1/918-c 


Response to Comment on “Lévy Walks Evolve Through 
Interaction Between Movement and Environmental 
Complexity” 


Monique de Jager, Franz J. Weissing, Peter M. J. Herman, Bart A. 
Nolet, Johan van de Koppel 

We agree with Jansen et al. that a composite movement model provides a better sta- 
tistical description of mussel movement than any simple movement strategy. This does 
not undermine the take-home message of our paper, which addresses the feedback 
between individual movement patterns and spatial complexity. Simple movement 
strategies provide more insight in the eco-evolutionary analysis and are therefore our 
model of choice. 


Full text at www.sciencemag.org/cgi/content/full/335/6071/918-d 
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LETTERS 


edited by Jennifer Sills 


Uniting Church and Science for Conservation 


HUMANS HAVE BEEN CUTTING ETHIOPIAN FORESTS FOR FUEL AND AGRICULTURE FOR CENTURIES 
(J). Only about 35,000 fragments remain in the northern highlands, ranging in size from 3 to 
300 hectares. These fragments escaped deforestation because of their religious and spiritual 
importance; they are protected by, and are an integral part of, the Ethiopian Orthodox Tewahido 
Church (2). Within each forest, an Orthodox priest and his disciples live, conduct services, 
and oversee its use. These forests are both a religious and a biodiversity sanctuary (3—6), and 
they provide local people with essential ecosystem services such as fresh water, shade, honey, 
pollinators, and spiritual value. 

The church leadership views biodiversity conservation as one of its primary stewardships, 
but the lack of perimeter delineation of these forest fragments threatens their future. Presently, 
less than 4% of the original forest cover remains in the region (7, 8), and the remaining forests 
continue to be encroached upon (9), in part because of population increases—Ethiopia had a 
population of 43 million in 1984 but almost 80 million by 2000 (/0). These church forests are 
also threatened by foraging livestock that increase soil compaction, hindering seed germina- 
tion and forest regeneration. Sadly, when a forest disappears, the priest, his disciples and oth- 
ers living in the area also leave. 

With such precious few frag- 
ments remaining, Ethiopia faces 
a conservation crisis. Under- 
standing the role that church 
forests play in the provision of 
ecosystem services is critical, 
particularly for soil conserva- 
tion, fresh water protection, and 
carbon sequestration. To pre- 
serve these forests, and perhaps ps: 
even expand them, we must Md a : 
take an immediate, aggressive, Valued. A church forest stands out against barren surroundings. 
and multidisciplinary approach 
that includes all stakeholders. For example, biologists, social scientists, ethnographers, reli- 
gious leaders, and local people must collaborate. We must work to understand the relationship 
between local peoples and the forest and empower them to protect it. More immediately, we 
must establish perimeters to prevent grazing and encourage the planting of local trees in the 
forest areas (8). By taking these steps, we can protect Ethiopia’s forests from further decline. 
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Comment on “Lévy Walks Evolve 
Through Interaction Between Movement 
and Environmental Complexity” 


Vincent A. A. Jansen,?* Alla Mashanova,* Sergei Petrovskii2 


de Jager et al. (Reports, 24 June 2011, p. 1551) concluded that mussels Lévy walk. We confronted 
a larger model set with these data and found that mussels do not Lévy walk: Their movement is 
best described by a composite Brownian walk. This shows how model selection based on an 
impoverished set of candidate models can lead to incorrect inferences. 


Lévy walk is a form of movement in 
Aw small steps are interspersed with 

very long ones, in such a manner that 
the step length distribution follows a power law. 
Movement characterized by a Lévy walk has no 
characteristic scale, and dispersal is superdiffu- 
sive so that individuals can cover distance much 
quicker than in standard diffusion models. de Jager 
et al. (1) studied the movements of individual 
mussels and concluded that mussels move 
according to a Lévy walk. 

The argument of (/) is based on model se- 
lection, a statistical methodology that compares 
a number of models—in this case, different step 
length distributions—and selects the model that 
describes the data best as the most likely model to 
explain the data (2). This methodology is used to 
infer types of movements of animals (3) and has 
led to a number of studies that claim Lévy walks 
are often encountered in the movement of ani- 
mals. The methodology in (/) contrasts a power- 
law distribution, which is indicative of a Lévy 
walk, with an exponential distribution, which 
indicates a simple random walk. If one has to 
choose between these alternatives, the power-law 
distribution gives the best description. However, 
if a wider set of alternatives is considered, this 
conclusion does not follow. 

Heterogeneity in individual movement be- 
havior can create the impression of a power law 
(4-6). Mussels’ movement is heterogeneous as 
they switch between moving very little or not at 
all, and moving much farther (/, 7). If mussels 
switch between different modes, and in each mode 
display Brownian motion, this suggests the use of 
a composite Brownian walk, which describes the 
movement as a sum of weighted exponential dis- 
tributions. We confronted this plausible model 
with the mussel movement data (8). 

Visual inspection of the data shows that the 
cumulative distribution of step lengths has a humped 
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pattern that is indicative of a sum of exponentials 
(Fig. 1A). We applied a model selection pro- 
cedure based on the Akaike information criterion 
(AIC) (2, 3). We compared six different step 
length distributions: an exponential distribution, 


A 


a power law, a truncated power law, and three 
hyperexponential distributions (a sum of two, 
three, or four exponentials to describe composite 
Brownian walks). We did this for the data trun- 
cated as in (/) (Fig. 1A) as well as all the full, 
untruncated data set (Fig. 1B). In both cases, we 
found that the composite Brownian walk con- 
sisting of the sum of three exponentials was the 
best model (Fig. 1 and Table 1). This convinc- 
ingly shows that the mussels described in (/) do 
not do a Lévy walk. Only when we did not take 
the composite Brownian walk models into 
account did the truncated power law model 
perform best and could we reproduce the result 
in (/). 

Mussel movement is best described by a 
composite Brownian walk with three modes of 
movement with different characteristic scales be- 
tween which the mussels switch. The mean move- 
ment in these modes is robust to truncation of the 
data set, in contrast to the parameters of the power 
law, which were sensitive to truncation [Table 1; 


Fig. 1. The step length 
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Table 1. Model parameters and Akaike weights. The maximum likelihood parameter 
estimates, log maximum likelihoods (ML), AIC values, and Akaike weights are 
calculated (for details, see SOM) for the data shown in Fig. 1, A and B. The Akaike 
weights without the composite Brownian walks are given in brackets. We analyzed the 
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full data set (*) with Xin = 0.02236 mm, and the data set truncated as in (2) (f) with 
Xmin = 0.21095 mm. For Xmax, the longest observed step length (103.9mm) was 
used. The mix of four exponentials is not the best model according to the AIC 
weights. It gives a marginally, but not significantly, better fit and is overfitted. 


Models Formula Parameters* Parameterst ML AIC Weight 

Exponential POX =x) = he “Me-snn) = 1.133 0 = 0.770 —3136.89* 6275.78* 0 (0)* 
(Brownian —2558.67f 5119.37t 0 (0)t 
motion) 

Power law PUX =x) = boa uw = 1.397 w= 1.975 -2290.10* 4582.20* 0 (0) * 
(Lévy walk) 4 —1002.32+ 2006.64+ 0 (0.006)+ 

Truncated PX =X) = ope x" w= 1.320 u = 1.960 —2119.55* 4241.10* 0 (1) * 
power law ~997.29+ 1996.58t 0 (0.994)t 
(Lévy walk) 2 ; 

Mix of two POX =x) => pyaje MO -Anin) p = 0.073, p = 0.127, ~906.15* 1818.31" o* 
exponentials Aa = 0.122, Aa = 0.123, —1022.44t 2050.87+ Ot 
(Composite with $> p;=1 Ae = 3.238 Ae = 3.275 
Brownian walk) i=1 

3 

Mix of three POX =x) => pyaje MO -Anin) p; = 0.034, p; = 0.063, -861.55* 1733.11" 0.881* 
exponentials ae p2 = 0.099, p2 = 0.210, —966.70t 1943.40 + 0.873t 
(Composite with $> pj=1 Aa = 0.069, Aa = 0.072, 

Brownian walk) i=1 Az = 0.652, Az = 0.832, 
4 hk Ag = 3.613 3 = 4.309 

Mix of four PUX =x) =) > pjdje NA p, = 0.014, p; = 0.017, -861.55* 1737.11" 0.119* 
exponentials = p2 =0.034, p2 = 0.060, —966.63+ 1947.26t+ 0.127t 
(Composite with S- p;=1 p3 = 0.085, p3 = 0.202, 

Brownian walk) j=1 Aq = 0.656, Aq = 0.377, 
2 = 0.069, 2 = 0.070, 
Az = 0.652 Ag = 0.902, 
a = 3.613 Aa = 4.345 


also see supporting online material (SOM)]. This 
analysis does not tell us what these modes are, but 
we speculate that it relates to the stop-move 
behavior that mussels show, even in homoge- 
neous environments (/). We speculate that the 
mode with the smallest average movement 
(~0.4 mm) is related to nonmovement, combined 
with observational error. The next mode (average 
movement ~1.5 mm) is related to mussels moving 
their shells but not displacing, and the mode with 
the largest movements (on average 14 mm, about the 
size of a small mussel) is related to actual dis- 
placement. This suggests that in a homogeneous 
environment, mussels are mostly stationary, and 
if they move, they either wobble or move about 
randomly. Indeed, if we remove movements smaller 
than half the size of a small mussel (7.5 mm), the 
remaining data points are best described by 
Brownian motion. This shows that mussel move- 
ment is not scale invariant and not superdiffusive. 

de Jager et al.’s analysis (1) does show that 
mussels do not perform a simple random walk 
and that they intersperse relatively long displace- 
ments with virtually no displacement. However, 
one should not infer from that analysis that the 
movement distribution therefore follows a power 
law or that mussels move according to a Lévy 
walk, and there is no need to suggest that mussels 


must possess some form of memory to produce a 
power law-like distribution (9). Having included 
the option of a composite Brownian walk, which 
was discussed in (/) but not included in the set of 
models tested, one finds that this describes 
mussels’ movement extremely well. 

Our analysis illustrates why one has to be 
cautious with inferring that animals move accord- 
ing to a Lévy walk based on too narrow a set of 
candidate models: If one has to choose between a 
power law and Brownian motion, often the power 
law is best, but this could simply reflect the 
absence of a better model. To make defensible 
inferences about animal movement, model selec- 
tion should start with a set of carefully chosen 
models based on biologically relevant alterna- 
tives (2). Heterogeneous random movement often 
provides such an alternative and has the addition- 
al advantage that it can suggest a simple mech- 
anism for the observed behavior. 
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Response to Comment on “Levy Walks 
Evolve Through Interaction Between 
Movement and Environmental Complexity” 


Monique de Jager,?* Franz J. Weissing,” Peter M. J. Herman,” 
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We agree with Jansen et al. that a composite movement model provides a better statistical 
description of mussel movement than any simple movement strategy. This does not undermine 
the take-home message of our paper, which addresses the feedback between individual 
movement patterns and spatial complexity. Simple movement strategies provide more insight 
in the eco-evolutionary analysis and are therefore our model of choice. 


he purpose of our paper (/, 2) was to 
[ns that movement strategies are 

shaped by the interaction between individ- 
ual selection and the formation of spatial com- 
plexity on the population level. We showed that 
in a family of movement models ranging from 
ballistic motion, to Lévy walk, to Brownian mo- 
tion, a Lévy walk with exponent pt ~ 2 is the 
optimal strategy for mussels involved in 
pattern formation. Within this family of models, 
a single parameter (the scaling exponent 11) 
distinguishes between the different movement 
strategies. We intentionally chose a one-dimensional 
strategy space that can easily be used in pairwise 
invasibility analyses and the subsequent pair- 
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wise invasibility plots. It also keeps focus on the 
main differences in movement strategy, contrast- 
ing ballistic movement, Brownian diffusion, and 
long-tailed step length distributions, as in Lévy 
walks. As is often the case, the better fit of the 
complex model (i.e., composite Brownian walk) 
trades off with the elegance and clarity of the 
simpler model. 

Nevertheless, it might be interesting to ex- 
amine the mechanisms behind the composite 
Brownian walk that was observed in our mussel 
movement data by Jansen et al. (3). Below, we 
investigate three possible causes of the observed 
movement pattern: (1) mussels switch between 
multiple movement modes because of changes 
in environmental conditions; (11) the (collective) 
composite Brownian walk might be an ensem- 
ble of different individual Brownian walks; or 
(iii) internal switches between movement modes 
exist, with which mussels try to approximate a 
Lévy walk. 

The first possible mechanism behind a com- 
posite Brownian walk is that mussels switch be- 
tween movement modes in response to changes 
in environmental conditions. For example, a 
composite Brownian walk will result if animals 
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switch between local Brownian search within a 
resource patch and straight-lined ballistic search 
between patches (4-6). Because the solitary mus- 
sels in our experiment were situated in a bare, 
homogeneous environment, repeated switches 
between movement strategies induced by chang- 
ing environmental conditions do not provide a 
plausible explanation for the observed compos- 
ite walk. 

A second possible explanation for the ob- 
served composite Brownian walk could be 
that variation in individual movement behavior 
can explain the improved fit by the composite 
Brownian model (7)—for example, multiple dif- 
ferent Brownian walks together make up the 
observed composite walk. To investigate this, 
we examined the individual movement tracks 
of the 12 mussels in our experiment. We indeed 
found a large variety of movement trajectories 
(Fig. 1); some mussels moved a large distance, 
whereas others stayed approximately at the 
original location. We fitted a Brownian walk, 
a Lévy walk, a truncated Lévy walk, and two 
composite Brownian walks to these individual 
movement trajectories, using the corrected data 
set and the analysis suggested by Jansen ef al. 
(2, 3). The analysis (Table 1 and Fig. 2) reveals 
that, in most cases, a Brownian walk fitted very 
poorly to the data. A truncated Lévy walk pro- 
vided large improvement over a Brownian walk, 
whereas a composite Brownian walk provided 
only small further improvement in fit, indicating 
that even at the individual level, composite 
behavior might underlie a long-tailed movement 
pattern. 

A third possibility to mechanistically under- 
pin the improved fit by a composite Brownian 
walk is that mussels use an internal switching rule 
to alternate between movement modes, indepen- 
dent from external triggers. Our study (/, 2) 
shows that a long-tailed step length distribution 
is a rewarding strategy for mussels living in, and 
contributing to, a spatially complex system. It is 
not obvious, however, how an animal should 
achieve such a step length distribution in prac- 


Fig. 1. Movement trajec- 
tories of the 12 mussels on 
which we based the model 
fitting in (2, 4). 
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Table 1. Comparison of five movement models (Brownian walk, BW; Lévy walk, LW; truncated Lévy 
walk, TLW; composite Brownian walk with two movement modes, CBW2; composite Brownian walk 
with three movement modes, CBW3) for the eight mussels for which sufficient data (n > 50) were 
available. For each mussel, the table presents the Akaike information criterion (AIC) and the Akaike 
weights (wAIC) for the five movement models. The minimal AIC value (corresponding to the best 
model) is shown in bold. The Akaike weights correspond to the relative likelihood of each model 
(8). For all model fits, we used a lower boundary (lpin) of 0.2 mm. 


BW LW TLW cBW2 cBW3 

Mussel 

AIC wAIC AIC wAIC AIC wAIC AIC wAIC AIC wAIC 
A 1917.4 0.000 1262.7 0.000 1236.6 0.000 1192.4 0.006 1182.12 0.994 
B 1293.2 0.867 2030.8 0.000 1618.1 0.000 1297.2 0.117 1301.2 0.016 
D 330.4 0.000 282.5 0.000 256.1 0.000 209.1 0.502 209.2 0.498 
F 1101.7 0.000 642.3 0.000 628.9 0.054 638.8 0.000 623.2 0.945 
G 1410.7 0.000 792.4 0.000 770.8 0.000 761.6 0.001 748.5 0.998 
H 625.5 0.000 775.6 0.000 750.3 0.000 519.9 0.881 523.9 0.119 
I 2177.2 0.000 1650.0 0.000 1592.5 0.003 1582.1 0.620 1583.1 0.376 
L 1455.8 0.000 1179.0 0.000 1129.0 0.002 1123.2 0.033 1116.4 0.966 


Fig. 2. Inverse cumula- 7 
tive frequency distribution 5 
(e.g., the fraction of step DB 
lengths that is larger than 
or equal to a given step 
length) of the movement 
patterns of 12 individual 
mussels (thin dashed and 
dotted lines) and the com- 
bined data set (thick line 
and large dots). 
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TECHNICAL COMMENT 


tice. It is possible that animals approximate a 
Lévy walk by adopting an intrinsic compos- 
ite movement strategy with different modes 
(which do not necessarily need to be Brown- 
ian). The observation by Jansen et al. (3) that 
a composite walk yields a better fit to the ob- 
servations thus suggests an interesting solu- 
tion for this problem, which is worth further 
investigation. However, we think it most ad- 
visable to examine this switching behavior by 
means of temporal and spatial correlations of 
movement steps within animal tracks rather 
than fitting multimodal models to step size 
distributions. In our opinion, the observation by 
Jansen et al. (3) does not change the overall con- 
clusion of our paper (/), but it may contribute to 
a better understanding of the behavioral mech- 
anisms by which animals achieve their optimal 
movement strategy. 
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The Many Lives of Whales 


Gregg Mitman 


t one time, the blood-red waters in 
A« protected coves of South Geor- 

gia island—waters stained by the 
butchering of thousands of whales on the 
shore flensing platforms—were a sign of 
wealth and progress. In the 1910s, F. Cook, 
managing director of the Southern Cross 
Whaling Company, reveled at the whale on 
land as a source of jobs, money, and com- 
modities. But “in the water,’ he suggested, 
whales are “of value to no one, and you can- 
not make pets of them.” 

One hundred years later, the sight 
of a churning sea sullied with cetacean 
blood inspired quite different sentiments. 
National Geographic photographer Louie 
Psihoyos, repentant former dolphin trainer 
Ric O’Barry, and a team of covert opera- 
tives joined forces to document and expose 
the capture of dolphins by fishermen for the 
oceanarium trade and the slaughter of the 
remaining corralled dolphins for the meat 
markets of Japan. Their film, The Cove, 
took the media and audiences, particularly 
in the United States, by storm. Winner of 
the 2010 Oscar for Best Documentary and 
a darling of the 2009 Sundance Film Fes- 
tival, The Cove vilified Japan’s role on the 
International Whaling Commission (IWC) 
and upheld the image of dolphins and their 
larger cetacean cousins as playful, gentle, 
and intelligent emissaries of the ocean. 

How, in the span of just a few genera- 
tions, could the value of whales and their 
meaning for humanity change so drastically? 
In The Sounding of the Whale, Graham Bur- 
nett answers that question with a history of 
breathtaking depth. Burnett (a historian of 
science at Princeton University) plunges into 
the belly of the beast where hip-booted whale 
science emerged alongside industrial whal- 
ing. He dives into the diplomatic maneuver- 
ings and behind-the-scenes work of scien- 
tists like Remington Kellogg on the IWC and 
ultimately surfaces into the “hothouse atmo- 
sphere of the Manchurian Candidate-era 
sciences of mind and behavior,” where John 
Lilly emerged as guru and hipster of ceta- 
cean science in the counterculture age. 

In Burnett’s skilled narrative, the whale 
as scientific object has many lives. Knowl- 
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edge of whales proves to be dependent on 
the forms of labor through which scien- 
tists come to know their cetacean subjects. 
In Britain and among the Scandinavian 
whaling nations, markets for whale prod- 
ucts brought biologists into both a “sloppy 
anatomical intimacy” and a distanced rela- 
tionship, born of numbers 
and statistics, made possi- 
ble by whaling on an indus- 
trial scale. In the pressing 
need to stabilize and regu- 
late the boom-and-bust econ- 
omy of whale oil, zoologist 
and director of the British 
Museum (Natural History) 
Sidney Harmer oversaw the 
Discovery Investigations, 
which surpassed in size and 
scope the famed 19th-century Challenger 
expedition. Intent on ascertaining precise 
information on the abundance and geo- 
graphic reach of the Antarctic whale stocks, 
this multivessel effort traded on the aspira- 
tion that intimate knowledge of whale dis- 
tribution and abundance would put “conser- 
vation on a business basis” and provide the 
industry with the “promise of a reasonable, 
perpetual yield.” Placing Burnett’s analysis 
against the backdrop of ecological science 
emerging under the British crown reveals 
how little we understand the extent to which 


Bloody waters. Alister Clavering Hardy’s 1926 paint- 
ing of the whaling station at Grytviken, South Georgia. 


The Sounding 

of the Whale 

Science and Cetaceans 
in the Twentieth Century 
by D. Graham Burnett 


University of Chicago Press, 
Chicago, 2012. 823 pp. $45, 
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widespread concern for regulating markets 
tied to forestry, furs, agriculture, and fisher- 
ies in the early 20th century went hand in 
hand with efforts to better understand the 
cycles of scarcity and abundance of bio- 
logical organisms vital to the economies of 
nature and nations. 

In the United States, by the dawn of the 
20th century, the heyday of whaling had long 
since passed. To the cadre of mammalogists, 
zoologists, and sportsmen-naturalists who 
in 1928 founded the Council for the Con- 
servation of Whales (CCW), hunting and 
game management, not indus- 
trial slaughter and regulation, 
spawned their relationship to 
and knowledge of whales. Gif- 
ford Pinchot, a pillar of the 
American conservation move- 
ment, was delighted to put his 
“148-foot, three-masted top- 
sail schooner” into the service 
of science. A porpoise bagged 
in the Gulf Stream was the first 
of many big sea trophies and 
scientific specimens he collected on a 1929 
sailing jaunt with his family through the 
South Seas. 

At the center of the CCW was Kellogg, 
curator of mammals in the Smithsonian’s 
U.S. National Museum. His relationship to 
whales began with the fossilized bones of 
their ancestors. Developing interests in liv- 
ing cetaceans led him into the role of scien- 
tific diplomat and statesman as a founder of, 
and U.S. delegate to (1946-1964), the IWC. 
Nowhere has science and policy by com- 
mittee come more alive and been clearly 
shown to be important than in Burnett’s 
treatment and analysis of the IWC. Suffice 
it to say that Kellogg’s hope and vision for 
a collaborative model of rational regulation 
based on science, diplomacy, and economic 
need would be thwarted time and again by 
bureaucratic processes and structures. By 
the end of his life, technocratic optimism 
gave way to moral desperation in his desire 
to save some of the last great mammals 
from extinction. 

The rationality that brought the end 
game to commercial whaling, argues Bur- 
nett, was not the statistics of blue whale units 
and the life cycle and age structure of pop- 
ulations but the rationality “of the whales 
themselves.” Near the end of the book, he 
navigates away from land-based whaling 
stations, pelagic factory ships, diplomatic 
boardrooms, and baleen whales to the trippy 
surf of places like Point Mugu Naval Missile 
Center and the Communication Research 
Institute (Saint Thomas) and the research- 
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ers who communed with the small cetaceans 
they domiciled. By the 1950s, dolphins had 
already begun their meteoric rise to stardom, 
thanks to the marketing savvy, scientific 
research, and technological know-how of the 
staff behind Marineland, the first oceanarium 
to successfully house dolphins in captiv- 
ity. Neurophysiologist Lilly would prove to 
be their best agent. His 1961 book (/) cata- 
pulted the respected former National Insti- 
tute of Mental Health researcher and his sci- 
entific subject to fame when he posited that 


whale [e.g., (2)] and below the decks of the 
Rainbow Warrior with its band of ecopira- 
teers. A rising tide of science, enmeshed in 
the very different lives of whales, and of sen- 
timent, channeled across different walks of 
life, would effectively end commercial whal- 
ing by 1982, when the IWC passed a mora- 
torium against it, even as certain cultures and 
traditions reserve their right to the taking. 
Numbers rarely move people; emotions 
do. Lilly harnessed the sciences of affect to 
bring into being another life of whales, not 
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charismatic megafauna endowed with simi- 
larly rich inner lives. Furthermore, it took the 
emotional force ofa social movement to make 
whales and other glamour species into para- 
digmatic symbols endowed with the power to 
foster a new environmental consciousness. 

The Sounding of the Whale offers a tell- 
ing reminder of just how much ideas mat- 
ter, literally, in the material relationships that 
bind the lives of humans to other animals 
with whom we share Earth. 


the sophisticated brain structure of dolphins _ one of populations, but of individuality and References 
ire : , ae 1. J.C. Lilly, Man and Dolphin (Doubleday, Garden City, NY, 
made them the most promising prospect for emotion. But Lilly was not alone, and it is 1961) 


communication with “alien intelligent life 
forms.” Lilly’s work on dolphin communi- 
cation, intelligence, and behavior reverber- 
ated across the domains of science and activ- 
ism: in papers on the songs of the humpback 


this broader context that Burnett does not 
address. By the 1970s, the study of animal 
behavior and cognition had transformed not 
just whales but also other animals—among 
them elephants, gorillas, and wolves—into 
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Grand Master of Reconstruction 
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ichard Milner’s Charles R. Knight 

Ress: the life and work of the first 

nd best-known American mural 

painter of prehistoric life. The beautifully 

illustrated volume documents why he is also 
often the most admired. 

Knight (born in 1874) grew up in Brook- 
lyn, New York, during the heyday of 19th- 
century American vertebrate paleontol- 
ogy. In their “bone wars,” Othniel Charles 
Marsh and Edward Drinker Cope amassed 
hundreds of fossils new to science (e.g., 
Stegosaurus, Triceratops, 
and Camarasaurus) from 
the western United States. 
Young natural history muse- 
ums around the country 
vied for material to dis- 
play and explain to the pub- 
lic. Knight, a freelance art- 
ist, created reconstructions 
for many of these museums 
(including the Smithsonian’s 
U.S. National Museum, Chicago’s Field 
Museum, and the Natural History Museum 
of Los Angeles County), but his primary 
association was with the American Museum 
of Natural History (AMNH). 

While Knight’s skills as an animal art- 
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ist were maturing, vertebrate pale- 
ontology at AMNH was gaining 
strength. In 1891, the museum 
hired Henry Fairfield Osborn to 
build its new department of verte- 
brate paleontology. Beginning in 
1896, Osborn repeatedly turned to 
Knight for “beautiful, scientifically 
accurate paintings and sculptures of 
extinct animals.” Osborn (AMNH 
president from 1908 to 1933) not only pro- 
moted Knight as his protégé, he was the art- 
ist’s patron and friend for life. 
Through his efforts, AMNH 
introduced spectacular diora- 
mas and murals (many by 
Knight) into its exhibit halls. 

Interestingly, when Knight 
was meticulously studying 
live animals, dissections, and 
fossil material and collabo- 
rating with some of the best 
paleontologists of the day in 
order to achieve scientific accuracy in his 
work, the art world was rapidly developing 
in different directions, often leaving tradi- 
tional realism and aesthetics behind alto- 
gether. Knight became an outspoken critic 
of modern art, describing it as “monstrous 
and inexplicable creations masquerading in 
the name of art.” 

Milner’s lively text incorporates excerpts 
from and letters by Knight, wife Annie, 
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daughter Lucy, Osborn, and others. The 
book offers insight into Knight’s artis- 
tic processes, reprinting extracts from his 
own accounts, and reproduces many rough 
sketches as well as finished paintings and 
sculptures. Stretching far and wide, this 
work includes decorative sculptures of 
elephant, zebra, and rhinoceros heads at 
the Bronx Zoo; a bas-relief of ancient and 
modern pachyderms at the Smithsonian’s 
National Zoological Park; and a drawing of 
a buffalo that graced both a 10-dollar bill 
(1901) and a 30-cent postage stamp (1923). 
Although legally blind for much of 
his life, Knight’s restorations of fabulous 
extinct vertebrates in their environments 
ignited the imagination of all who saw them. 
They are forever cemented into our collec- 
tive vision of these ancient worlds. Milner’s 
book shows why Knight retains a prominent 
place in the worlds of modern wildlife art 

and, even more so, paleoart. 
10.1126/science.1220073 
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Preserving Montreal Protocol 
Climate Benefits by Limiting HFCs 
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John S. Daniel,” David W. Fahey,” Stephen A. Montzka,? Stefan Reimann® 


he Montreal Protocol is perhaps the 
| most successful international envi- 
ronmental treaty, responsible for 
global phaseout of the consumption and 
production of ozone-depleting substances 
(ODSs), e.g., chlorofluorocarbons (CFCs) 
and hydrochlorofluorocarbons (HCFCs). 
Hydrofluorocarbons (HFCs), which do not 
destroy stratospheric ozone, were consid- 
ered long-term substitutes for ODSs and 
are not controlled by the Montreal Proto- 
col. Because most HFCs are potent green- 
house gases (GHGs), they are included in 
the Kyoto Protocol. But climate benefits 
provided by this protocol are limited as they 
apply only to developed countries and over 
a short time (2008-2012). As we describe 
below, with no impending global controls 
on HFCs, inclusion of HFCs under the Mon- 
treal Protocol offers a path, starting in the 
short term, to preserve the climate benefits 
already achieved by this protocol. 

Climate considerations are not new to 
the Montreal Protocol. Signatory nations 
acknowledged in the preamble that they are 
“Conscious of the potential climatic effects 
of emissions of these substances [ODSs].” 
The climate contribution of future HCFC 
emissions was an important consideration 
for the accelerated phaseout agreed to by the 
parties in 2007. 

Since 2010, 108 nations have signed a dec- 
laration stating their “intent to pursue further 
action under the Montreal Protocol aimed at 
transitioning the world to environmentally 
sound alternatives to HCFCs and CFCs” 
(/). Canada, Mexico, and the United States, 
as well as the Federated States of Microne- 
sia, submitted proposals in 2010 and 2011 
to control HFC use by amending the Mon- 
treal Protocol. The proposals and declaration 
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were motivated by the interest in limiting cli- 
mate change from future emissions of HFCs 
with high global warming potentials (GWPs) 
(2). These proposals were discussed but not 
adopted at the last two meetings of the Par- 
ties to the Montreal Protocol. Negotiations 
are expected to continue in future meetings as 
details of the proposals are refined. 

At the 2011 Durban climate negotiations, 
it was decided that new climate commitments 
will come into effect only from 2020 onward, 
leaving the coming 8 years or more without 
any legally binding global measures under 
a climate agreement to reduce potential cli- 
mate effects of HFCs and other GHGs. This 
delay heightens policy and scientific inter- 
est in examining the possibilities and conse- 
quences of regulating HFCs under the Mon- 
treal Protocol. 


Climate Benefits of Montreal Protocol 

Most ODSs are also potent GHGs (3). Thus, 
reductions in atmospheric ODS concen- 
trations to protect the ozone layer have had 
the added benefit of providing some climate 
protection. The radiative forcing (4) from 
ODSs reached 0.32 W/m? around 2000 (com- 
pared with about 1.5 W/m? for CO,) and has 
remained nearly constant since. Without the 
Montreal Protocol, radiative forcing from 
ODSs could have reached 0.60 to 0.65 W/m’, 
or about 35% of that of CO,, in 2010 (see the 
graph) (5). This direct climate benefit is offset 
in part (about 30%) by other factors, includ- 
ing indirect radiative forcing from reductions 
in stratospheric ozone and climate forcing by 
increased use of ODS substitutes (5). Total 
avoided net annual ODS emissions are esti- 
mated to be equivalent to about 10 Gt CO,/ 
year in 2010, which is about five times the 
annual reduction target of the Kyoto Proto- 
col for 2008-2012 (5). This climate benefit of 
the Montreal Protocol may be reduced or lost 
completely in the future if emissions of ODS 
substitutes with high GWPs, such as long- 
lived HFCs, continue to increase. 


Growth in HFCs as ODS Substitutes 

With CFC phaseout completed in 2010 and 
the scheduled phaseout of most HCFCs by 
2030, HFCs are being used more in appli- 


With no impending global controls on HFCs, 
the Montreal Protocol offers a near-term path 
to preserve its climate benefits. 


cations that traditionally used ODSs, e.g., 
refrigeration and air-conditioning equipment, 
blowing agents for foams, aerosol sprays, fire 
protection systems, and solvents (6, 7). The 
atmospheric abundances of major HFCs used 
as ODS substitutes (8) are increasing 10 to 
15% per year in recent years (9). Rising use 
of HFCs is directly attributable to intent and 
actions of the Montreal Protocol (7), hence, 
the HFC contribution to climate change can 
be viewed as an unintended negative side 
effect of these actions. 

The current contribution to climate forc- 
ing of HFCs used as ODS substitutes is about 
0.012 W/m? [excluding HFC-23 (8)], less 
than 1% of the total forcing from long-lived 
GHGs, but it is increasing rapidly (9, /0). 
Growth rates and projections indicate poten- 
tial for substantial future increases in emis- 
sions and atmospheric abundances of HFCs 
in the absence of new controls (9). These 
business-as-usual projections are based on 
increasing demand for ODS substitutes, par- 
ticularly in developing countries (//). 

In an upper-range scenario, global radia- 
tive forcing from HFCs increases from about 
0.012 W/m? in 2010 to 0.25 to 0.40 W/m? in 
2050 (11) (see the graph). This corresponds 
to 14 to 27% of the increase in CO, forcing 
under the range of Intergovernmental Panel 
on Climate Change (IPCC) business-as- 
usual scenarios from 2010 to 2050 (/2). In 
these scenarios, developing countries replace 
HCFCs with HFCs by using the same sub- 
stances and use patterns as adopted by devel- 
oped countries (//). 


Wide Range of HFC Lifetimes and GWPs 

In recent proposals to amend the Montreal 
Protocol, production and consumption of 
HFCs would be reduced in phases from base- 
line levels. This would encourage the use of 
alternative substances with low GWPs. The 
extent to which HFCs or other ODS substi- 
tutes will influence climate depends on past 
and future emissions, atmospheric lifetimes, 
and the efficiency of these molecules in 
absorbing infrared radiation. Most fluorocar- 
bons (e.g., CFCs, HCFCs, and HFCs) have a 
similar ability (within about a factor of three) 
to trap infrared radiation, on a per-molecule 
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basis, in Earth’s atmosphere. There- 3.04 
fore, differences in their relative 20- 
impact on climate arise primarily 
from differences in atmospheric 
lifetimes. The longer the lifetime of 
a molecule, the larger its potential 
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contribution to climate forcing. 
Fully saturated HFCs (mole- 0.6 5 
cules with only single bonds), used ies 


in significant quantities commer- 
cially (e.g., HFC-32, -125, -134a, 
-143a, and -152a), have atmo- 
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Projected radiative forcing by ODSs, HFCs, low- 
GWP substitutes, and CO, (22). The blue hatched 
region indicates what would have occurred in the 
absence of the Montreal Protocol, with 2 to 3% 
annual production increases in ODSs [data taken 
from (5)]. Added to the radiative forcing from ODSs 
[data from (9)] are the contributions from HFCs from 
the upper-range scenario [data from (11)]. Also 
shown are the radiative forcing from alternative sce- 
narios in which substitution is made with chemicals 
having shorter lifetimes (lower GWPs); their contri- 
bution is calculated using methods described in (11) 
with the parameters from (16). Under the Montreal 
Protocol, use reductions started in 1989 for CFCs 


spheric lifetimes that range from 1 


oo 1-yr 


and in 1996 for HCFCs. 


esas 1-month 


to 50 years (9). Their 100-yr GWPs 02- 
range from 100 to about 4000. 
Unsaturated HFCs (also referred 0.15 
to as hydrofluoro-olefins, HFOs) 
have much shorter atmospheric 
lifetimes, on the order of days to 
weeks, with correspondingly smaller GWPs 
(~20 or less). If the current mix of HFCs with 
an average lifetime of 15 years (average GWP 
of 1600) were replaced by HFCs with life- 
times less than 1 month (GWP less than ~20), 
the total HFC radiative-forcing contribution 
in 2050, even under the high-emission sce- 
nario, would be less than the current forcing 
from HFCs (see the graph). Such choices are 
currently available. 


0.0 


Choosing Appropriate Alternatives 

Approaches to reduce climate forcing from 
future HFC use and to preserve climate bene- 
fits provided by the Montreal Protocol include 
(6, 13, 14) these: (i) replacing high-GWP 
HFCs with substances that have low impact 
on climate (e.g., hydrocarbons, CO, or cer- 
tain HFCs) and alternative technologies (e.g., 
fiber insulation materials) and (ii) reducing 
HFC emissions (e.g., by changing the design 
of equipment and capturing and destroying 
HFCs when equipment reaches the end of its 
useful life). Given the orders-of-magnitude 
differences in GWPs, it is expected that tran- 
sitioning to low-climate-impact substitutes 
with similar life-cycle energy efficiencies as 
high-GWP HFCs has the potential to provide 
larger climate benefits than attempts to reduce 
emissions of HFCs in applications. Low- 
climate-impact substitutes are already in com- 
mercial use in several sectors. These include 
fiber insulation materials; dry powder asthma 
inhalers; and non-HFC substances with low 
or zero GWPs, such as hydrocarbons, ammo- 
nia, and CO, in some refrigeration systems. 
Several HFCs with very short atmospheric 
lifetimes (hence, low GWPs) are now being 
introduced for foams and aerosols (HFC- 
1234ze) and mobile air conditioners (HFC- 
1234yf) (/5). Also, the Multilateral Fund 
(MLF) of the Montreal Protocol is funding 
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many projects in developing countries for 
the transition from ODSs to alternative sub- 
stances or methods with lower impact on cli- 
mate. The primary decisions about whether to 
use high-GWP HFCs or alternatives are cur- 
rently made by companies and are subject to 
normal commercial considerations, such as 
performance; viability; affordability; avail- 
ability; and health, safety, and environmen- 
tal factors (13). A global framework for regu- 
lating future HFC use would provide a clear 
signal for the commercial sector, guiding the 
selection of substances for long-term use, as 
done under the Montreal Protocol for ODSs. 
In addition to the direct contribution to 
climate forcing, indirect climate effects arise 
from the energy used or saved during the 
application or product’s full life cycle. Ide- 
ally, alternative systems would have overall 
energy efficiencies at least as high as the sys- 
tems they replace. This is already feasible in 
a number of sectors, such as domestic, com- 
mercial, and industrial refrigeration and some 
types of air-conditioning systems (6, /3, /5). 


Future Challenge for Policy-Makers 

A large number of countries have formally 
stated their intention to preserve climate ben- 
efits of the Montreal Protocol (/). A chal- 
lenge for policy-makers is to identify how 
this might be accomplished. Given that cli- 
mate impacts of HFC use can be viewed as 
unintended side effects of the Montreal Pro- 
tocol, an option is to expand provisions of this 
protocol while drawing from parties’ experi- 
ence in formulating successful ODS controls 
that took scientific, economic, and technical 
aspects into account. The Montreal Protocol 
has relevant infrastructure for accomplish- 
ing this, including the MLE, expert panels, 
regional networks, and administrative pro- 
cedures. This infrastructure and experience 
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suggest that such an approach could effec- 
tively and quickly limit continued growth of 
high-GWP HFCs and preserve the substan- 
tial climate benefits that were gained by the 
Montreal Protocol in phasing out ODSs. 
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EVOLUTION 


Some Like It Hot 


Felisa A. Smith 


ody size matters. It sets 
B the energetic demands of 
organisms, regulates the 

rates of physiological processes, 

and influences population densi- 

ties and other key characteristics 

of animal communities and pop- 

ulations (/). Thus, it is no sur- 

prise that most animals have a 

characteristic (2) and highly heri- 

table size (3). Yet the body sizes 

of mammal lineages have varied 

greatly over evolutionary history. 

The demise of dinosaurs ~65.5 

million years ago marked the 

onset of rapid morphological and 
ecological diversification in ter- 
restrial mammals that ultimately 
led to size increases of more than 
four orders of magnitude. On 
page 959 of this issue, Secord et 
al. (4) illustrate the critical role of 
temperature in driving body size evolution 
between ~55.5 and 54.5 million years ago. 

According to Bergmann’s rule, within a 
broadly distributed genus, species of larger 
size are found in colder environments, and 
species of smaller size are found in warmer 
areas (5). Some researchers argue that the 
tule arises as a result of the need for heat con- 
servation or loss; others attribute it to eco- 
system properties such as productivity (6). 
Regardless, Bergmann’s rule holds for more 
than 70% of modern endotherms (animals 
that maintain a constant internal body tem- 
perature) (6). Moreover, it has been docu- 
mented over historical and microevolution- 
ary time (6, 7); recent work even suggests 
that temperature constrained the maximum 
size that mammals could attain in the course 
of evolution (8). Thus, temperature may be 
expected to influence body size evolution 
within lineages. 

The early Cenozoic is an interesting chap- 
ter in Earth history. Not only does its onset 
~65.5 million years ago mark the end of 
dinosaurs and the beginning of the radiation 
of mammals, but it was also a time of rapid 
fluctuation of climate. The most severe hot 
episode was the Paleocene-Eocene Thermal 
Maximum (PETM), which occurred ~55 
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Early horses. This painting by the German artist Heinrich Harder (1858-1935) 
was part of a series of collector cards illustrating prehistoric animals commis- 
sioned by the Reichardt Cocoa Company. It depicts an early species of Sifrhippus 
(Hyracotherium) that first appeared about 55 million years ago. Secord et al. 
show that the body size of Sifrhippus changed in response to temperature fluctua- 
tions between ~55.5 and 54.5 million years ago. 


million years ago (9). During the PETM, sea 
surfaces warmed by more than 5°C (9, 10), 
causing changes in aquatic and terrestrial 
ecosystems, including substantial changes in 
mammalian diversity (//). In particular, the 
immigration of modern ungulate taxa (Peris- 
sodactyla and Artiodactyla) into North Amer- 
ica profoundly and permanently altered eco- 
systems on the continent (//, /2). Dwarfing 
of numerous archaic and modern lineages 
during the PETM has been reported (/3), but 
a quantitative assessment of how the PETM 
influenced mammalian body size evolution 
has been lacking. 

Secord et al. examine the consequences of 
climatic shifts on the body size of the small 
early horse Sifrhippus (also known as Hyra- 
cotherium), which first appeared in North 
America during the PETM. They test the two 
main causal mechanisms underlying Berg- 
mann’s rule: temperature and productivity. 

The authors build on previous work in the 
Clarks Fork Basin of northwestern Wyoming, 
a site rich in mammal fossils with a continu- 
ous stratigraphic section between ~60 and 53 
million years in age (/3). They estimate body 
mass for ~44 adult horses by measuring the 
area of the first molar. Using 6'C and 6'8O 
signatures recorded in the tooth enamel of 
more than 150 mammalian fossils collected at 
Cabin Fork, Wyoming, they develop a highly 
resolved local paleoclimatic record spanning 


A study of horse evolution illustrates 
the connection between environmental 
temperature and mammal body size. 


the PETM. The carbon signature 
mirrors the abrupt negative car- 
bon excursion associated with 
the PETM in other locations 
(9), whereas the oxygen iso- 
topes yield estimates of changes 
in air temperature. As expected 
on the basis of Bergmann’s rule, 
the authors find that changes in 
5'°O were significantly related to 
body size changes in Sifrhippus. 
The size shifts were substantial: 
Body size decreased by ~30% 
at the start of the PETM, and 
increased abruptly by more than 
75% at its end. 

But was temperature the 
ultimate driver behind the 
body size shifts? Or were they 
caused by changes in productiv- 
ity? Barring unusual instances 
of exceptional preservation, 
direct estimation of vegetation structure or 
local productivity in the fossil record has 
been problematic. Secord et al. take a clever 
approach by comparing oxygen isotopes in 
fossil teeth of mammal taxa that varied in 
their affinity for aquatic environments. Oxy- 
gen isotopes in herbivores largely reflect 
the composition of local surface and plant 
water. Isotopic enrichment occurs in species 
that occupy drier habitats with little sur- 
face water. For such evaporation-sensitive 
species, enrichment tends to be positively 
related to habitat aridity (14). By comparing 
the evaporation-sensitive Sifrhippus with 
Coryphodon, an archaic herbivorous ungu- 
late generally considered to be associated 
with aquatic habitats, Secord et al. develop 
a proxy for “aridity.” This, they argue, is 
inversely related to productivity. 

The correspondence between this met- 
ric and mean annual precipitation estimated 
from analysis of nearby soil sediments of the 
same age is quite high, suggesting that Sec- 
ord et al. have captured something akin to 
productivity. However, they find no correla- 
tion between productivity and body size. In 
fact, the opposite trend is evident: a decrease 
in body size during wetter conditions. Thus, 
body size evolution over the PETM appears 
to have been driven by temperature fluctua- 
tions, consistent with the original character- 
ization of Bergmann’s rule (5). 
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At the start of the Cenozoic, mammals 
rapidly increased in size across the globe, 
probably as a result of ecological release 
and the occupation of newly vacated niches 
(8). Ten million years later, the upper bound- 
ary of mammalian size was still increas- 
ing, but Secord ef al. also demonstrate the 
operation of opposing selective forces at this 
time. Their highly resolved and local paleo- 
temperature and productivity proxy, tested 
against a single, well-resolved sequence 
of mammalian fossils, allows a mechanis- 
tic and quantitative examination of the pro- 
cesses influencing body size over time. 

The findings of Secord et al. under- 
score the importance of the fossil record 
for examining how future environmental 
changes may influence life on Earth. Recent 
climate warming has already led to changes 
in the phenology, distribution, and morphol- 
ogy of species (/5). However, it remains 
unclear how rapidly animals may adapt. Pat- 


terns such as Bergmann’s rule demonstrate 
the ability of species to adapt to fluctuating 
abiotic conditions, and highlight the strong 
selection imposed on organisms by their 
environment. 

However, some caution is warranted 
when extrapolating from the past to the 
future. The extreme change in Earth’s sur- 
face conditions during the PETM is not 
unlike that expected to occur in the future, 
but the time frame was considerably longer. 
There may be more appropriate analogies for 
anthropogenic warming in the fossil record, 
such as the Younger Dryas, when large 
abrupt temperature shifts took only decades. 
As we increasingly turn from explaining 
the present to anticipating the future (/6), 
an understanding of evolutionary history 
becomes imperative for untangling biologi- 
cal complexity. Nowhere is such a deep-time 
perspective more important than in studies 
of anthropogenic warming. 
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Frictional Dissipation— 
Blame It on the Rain 


Dargan M. W. Frierson 


rictional dissipation in a turbulent flow 

occurs when kinetic energy is trans- 

ferred to smaller and smaller scales 
until it is eventually removed by molecular 
diffusion. In addition to this turbulent dissi- 
pation, kinetic energy in Earth’s atmosphere 
is also removed in the shear zones surround- 
ing falling raindrops and ice particles. On 
page 953 of this issue, Pauluis and Dias (/) 
provide the first observational estimate of the 
precipitation-induced dissipation and show 
that its magnitude is comparable to that of 
turbulent dissipation in air. 

As raindrops or other hydrometeors fall 
downward, shear zones around the particles 
develop, providing frictional deceleration 
and causing the hydrometeor to fall at a ter- 
minal velocity (see the figure). Although it 
is clear that dissipation occurs around any 
given hydrometeor, the substantial contri- 
bution of hydrometeors to the global mean 
dissipation is disproportionate to the small 
total mass of these particles. After all, water 
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vapor makes up only around 1% of the mass 
of the atmosphere, and liquid and ice water 
are orders of magnitude smaller in atmo- 
spheric concentration. 

Pauluis and Dias used a precipitation 
radar for their calculation of the dissipation 


Frictional dissipation around a falling raindrop. 
Drag forces around falling raindrops deform and 
decelerate the droplets, causing them to fall at a ter- 
minal velocity. There is also kinetic energy dissipa- 
tion associated with the drag, and this precipitation- 
induced dissipation makes up an appreciable fraction 
of the total frictional dissipation on Earth. 
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Satellite observations reveal the extent to 
which rainfall removes kinetic energy from the 
atmosphere, and thus its impact on circulation. 


induced by falling hydrometeors. Instead of 
the traditional ground-based radars used by 
TV meteorologists to warn viewers of the 
location of severe weather bands, the first 
spaceborne precipitation radar (PR) is used, 
from the Tropical Rainfall Measuring Mis- 
sion (TRMM), which launched in 1997. The 
TRMM PR uses 13.8 GHz radio wave pulses 
to detect falling hydrometeors throughout 
the tropics. 

The TRMM PR measures radar reflectiv- 
ity and translates this into fall speeds relative 
to the surrounding air. Because the frictional 
dissipation surrounding hydrometeors is pro- 
portional to the terminal velocity relative to 
air, the precipitation rate can be translated 
into a dissipation rate. Thus, Pauluis and Dias 
calculate a tropically averaged dissipation 
rate of 1.8 W m”, a value that is consistent 
with previous theoretical estimates (2). 

Pauluis and Dias also show the structure 
of precipitation-induced dissipation as a func- 
tion of latitude and longitude. The dissipation 
field is similar to that of precipitation itself, 
but can be appreciably larger over continen- 
tal areas where rain falls into drier air below. 
If reevaporation of rain occurs in a column, 
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there can be large amounts of dissipation with 
little rainfall at the ground. 

This study is an additional confirmation of 
the important role of the hydrologic cycle on 
the dynamics of Earth’s atmosphere. Evapo- 
rative cooling and latent heat release by pre- 
cipitation are also key mechanisms by which 
energy is transferred from the ocean to the 
atmosphere (3), the troposphere becomes 
stratified (4), and energy is transported pole- 
ward in the mid-latitudes (5). These dynam- 
ical impacts of the hydrologic cycle are in 
addition to the well-known radiative impacts 
of water vapor and clouds (6). The hydro- 
logic cycle is also one of the aspects of the 
climate system that is changing most rapidly 
with global warming, because of the rapid 
increase of humidity with temperature. 

The Pauluis and Dias study has implica- 
tions for theories of the atmospheric general 
circulation. As the atmosphere transports heat 
from the warm ocean surface to the colder 
troposphere, it acts as a heat engine that gen- 
erates kinetic energy, with efficiency less 
than or equal to the Carnot efficiency. Pre- 
vious studies (7, 8) suggested that the work 
done by the atmosphere is appreciably less 
than a Carnot cycle because of inefficiencies 
tied to the hydrologic cycle. In this regard, the 
fact that precipitation dissipates a substantial 
amount of kinetic energy implies that a large 
fraction of the work done by the atmospheric 


circulation is used to lift water and not to sus- 
tain winds. This presumably means that a pre- 
cipitating atmosphere generates less kinetic 
energy for maintaining atmospheric circula- 
tions on a large scale. 

Precipitation-induced dissipation presents 
a particular challenge for theories of atmo- 
spheric circulation based on the maximum 
entropy production principle, a topic that gen- 
erates spirited debate (9, 70). Because these 
theories typically attempt to predict the turbu- 
lent dissipation from thermodynamic proper- 
ties alone, it remains to be seen whether such 
theories can be modified to include a dissipa- 
tion component that is a function of precipi- 
tation, or whether alternative thermodynamic 
configurations can be used [for example, the 
steam cycle proposed in (//)]. 

The importance of precipitation-induced 
dissipation will increase with global warm- 
ing. Global average precipitation is projected 
to increase at a rate of approximately 1 to 2% 
per degree of warming (/2), and the depth of 
convection should increase in a warmer cli- 
mate; both of these allow for more frictional 
dissipation. Changes in the latitudinal struc- 
ture of precipitation, or in the fraction of pre- 
cipitation that is reevaporated, could change 
the importance of this term as well. A naive 
expectation based on kinetic energy produc- 
tion is that circulations would decrease in 
strength in response to this, and such weaken- 


ing of large-scale circulations in the tropics is 
found in simulations of global warming (/3). 
It remains to be seen whether arguments based 
on kinetic energy dissipation can be useful to 
explain these simulation results, or whether 
more traditional arguments based on the effect 
of increased stratification on the energy bud- 
get (/4) are more generally applicable. Obser- 
vational constraints will of course be central to 
this and other future research directions. The 
work of Pauluis and Dias is unique because 
it provides an observational estimate within a 
budget where the terms are usually too small 
to measure with accuracy. 
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Cell Death by Glutamine Repeats? 


Christopher D. Link and Tassa K. Saldi 


number of eukaryotic proteins con- 

tain stretches of repeating glutamine 

residues (/). For example, hunting- 
tin pro- tein contains a glutamine-repeat 
sequence of 6 to 35 residues, and prion pro- 
tein has a domain rich in glutamine and aspar- 
agine residues (Q/N-rich domain). Expan- 
sion of the glutamine repeat in huntingtin and 
at least seven other proteins results in neuro- 
degenerative disease (2), whereas conforma- 
tional changes in prion protein cause a range 
of spongiform encephalopathies (3). Gluta- 
mine repeats and Q/N-rich domains can form 
at-helical and coiled-coil secondary struc- 
tures, driving protein aggregation. Aggrega- 
tion of numerous disease-associated proteins 
that do not contain polyglutamine domains 
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has been associated with neurodegenera- 
tion (such as the B-amyloid peptide and the 
tau protein in Alzheimer’s disease). Thus, 
the presence of glutamine-rich domains in 
proteins associated with neurodegeneration 
could be due to their ability to induce protein 
aggregation per se. Alternatively, glutamine- 
rich proteins could have a “natural role” in 
inducing cell death that becomes dysregu- 
lated in neurodegenerative disease. On page 
970 of this issue, Blum ef al. (4) identify a 
Q/N-rich protein that aids in the programmed 
cell death of a specific cell in the model nem- 
atode Caenorhabditis elegans. This result 
provides support for the “natural role” expla- 
nation for the association of glutamine-rich 
proteins and neurodegeneration. 

During postembryonic development of 
C. elegans male worms, the extension of the 
growing somatic gonad is led by the male- 


A glutamine-rich protein plays a role in 
developmentally regulated cell death 
in C. elegans. 


specific linker cell (see the figure). In the 
fourth larval stage, the somatic gonad must 
connect to the cloaca to allow adult males 
to inseminate hermaphrodites. This con- 
nection requires an additional “sacrificial” 
function of the linker cell, which under- 
goes programmed cell death and is subse- 
quently engulfed by the cloacal cells, lead- 
ing to a clear conduit from the gonad to the 
exterior of the worm. Unlike other known 
programmed cell deaths in C. elegans, 
that of the linker cell does not require any 
of the genes involved in typical apoptotic 
cell death, and results in a dying cell mor- 
phology more akin to necrotic cell death 
(5). To identify genes involved in the non- 
apoptotic killing of the linker cell, Blum er 
al. performed a whole-genome RNA inter- 
ference screen. Among the five genes they 
found was pqn-41, which encodes a protein 
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C. elegans 
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SEK-1 activity induces 
expression of PQN-41C 


Linker cell undergoes 
nonapoptotic death 
and is engulfed b 
cloacal cells 


Gonad connects to 
cloacal opening 


Cloacal cells 


Sacrificial cell. During C. elegans development, expression of the polyglutamine protein PQN-41C in the 
linker cell triggers a type of programmed cell death (nonapoptotic) that is required for the male gonad to 
connect to the exterior of the animal to facilitate dissemination. This death process may be relevant to neu- 
rodegenerative conditions that are associated with polyglutamine-repeat proteins. 


that contains a glutamine-rich domain. Only 
pqn-41 isoform “C” is required for linker 
cell death. Blum ef a/. show that the gluta- 
mine-rich domain in PQN-41C and its abil- 
ity to form a coiled-coil structure are essen- 
tial for this protein to aid in the killing of the 
linker cell. They further observed that the 
glutamine-rich domain drives the formation 
of cytoplasmic inclusions in vivo. 

pqn-41 is expressed in many cell types 
throughout development, but it is expressed 
in the linker cell only shortly before cell 
death. This induction of pgn-41C expres- 
sion involves the activity of the stress-acti- 
vated protein kinase kinase SEK-1 and the 
Toll-interleukin-1 receptor scaffolding pro- 
tein, but not other components of the SEK-1 
signaling pathway that function in innate 
immunity. The pqn-4/ gene is not essen- 
tial for linker cell killing (loss of pqn-41 
function still results in ~80% of the linker 
cells dying), and it likely functions in paral- 
lel to another nonapoptotic cell death path- 
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way controlled by the transcription factor 
LIN-29. Given that PQN-41 is expressed in 
many cells that do not undergo programmed 
cell death, it is unlikely that PQN-41C is by 
itself a “killer” protein. Presumably, the 
coordinated expression of PQN-41C and 
other proteins aid in the killing of the linker 
cell. Alternatively, coexpression in other 
cells of the other pgn-41 isoforms (A and 
B), which appear to reduce linker cell death, 
could block PQN-41C—promoted cell kill- 
ing. Further studies will be needed to deter- 
mine if PQN-41A and B are negative regu- 
lators of PQN-41C, and if they inhibit PQN- 
41C aggregation. 

What is the molecular function of PQN- 
41C, and could this be relevant to human 
glutamine-rich proteins associated with 
neurodegenerative diseases? The car- 
boxyl-terminal Q/N-rich domain of a con- 
served RNA binding protein (called T cell— 
restricted intracellular antigen-1) is essential 
for the formation of cytoplasmic stress gran- 
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ules (which sequester mRNAs and transla- 
tion machinery to limit protein expres- 
sion) under adverse cellular conditions (6). 
Indeed, many proteins that localize to stress 
granules and their close cousin, processing 
bodies (which sequester and degrade mRNA 
to control protein production), contain pro- 
teins with Q/N-rich domains (7). Conceiv- 
ably, PQN-41C could nucleate a multicom- 
ponent complex that either actively pro- 
motes linker cell killing, or sequesters fac- 
tors that oppose cell killing. In this regard, 
wild-type huntingtin protein sequesters the 
repressor element—1 transcription factor/ 
neuron restrictive silencer factor, leading to 
enhanced expression of brain-derived neu- 
rotrophic factor (which prevents neuron 
degeneration) (8). 

The PQN isoform that restores cell kill- 
ing (PQN-41C) has no conserved domains 
and has homologs only among Caenorhab- 
ditis species. Perhaps the most intrigu- 
ing connection between pgn-4/—promoted 
linker cell death and mammalian neurode- 
generation associated with polyglutamine- 
repeat proteins is the distinct ultrastructural 
pathology observed in dying linker cells, 
particularly the crenellation (infolding) of 
the nuclear envelope. Blum ef al. point out 
that distortion of the nuclear membrane has 
been observed in multiple models of poly- 
glutamine protein toxicity. It is unclear if 
this ultrastructural similarity is indicative of 
a conserved, nonapoptotic cell death path- 
way acting both in C. elegans linker cell 
killing and polyglutamine protein—induced 
neurodegeneration in mammals. Further 
research will be needed to determine if 
PQN-41 and mammalian polyglutamine- 
repeat proteins have any interacting protein 
partners in common. Understanding how 
PQN-4IC expression results (or fails to 
result) in cell death may yield insights into 
how polyglutamine-repeat disease proteins 
induce neuronal dysfunction, and how this 
can be prevented. 
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STRUCTURAL BIOLOGY 


How a Neurotoxin Survives 


Michael Adler 


otulinum neurotoxins are secreted 
B: the spore forming Gram-positive 

bacteria Clostridium botulinum and 
some other Clostridium strains under suit- 
able anaerobic conditions (/). Ingestion or 
inhalation of botulinum neurotoxin leads to 
a severe neuroparalytic disease, termed botu- 
lism, which is characterized by muscle paral- 
ysis and autonomic dysfunction. Both condi- 
tions stem from inhibition of acetylcholine 
release, which results from botulinum neu- 
rotoxin-mediated proteolysis of one of three 
SNARE (soluble N-ethylmaleimide-sensitive 


terminals and a translocation domain (Hy) 
for intracellular delivery of the LC to the 
nerve-terminal cytosol, where it can cleave 
the appropriate SNARE protein. Owing to its 
extreme potency and history of weaponiza- 
tion, botulinum neurotoxin has been desig- 
nated by the U.S. Centers for Disease Con- 
trol and Prevention as a category A bioter- 
rorism agent (4). Yet, its exquisite selectivity 
and long duration of action has also enabled 
dilute formulations to be used for clinical 
indications such as focal dystonias, spastic- 
ity, wound healing, and aesthetics (5). 


Structural comparison of individual domains 


Light chain (LC) 


meme Botulinum neurotoxin BoNT/Ai 


Interlocked complex. Gu et al. report the crystal structure of a complex between 
the botulinum neurotoxin BoNT/Ai and the neurotoxin-associated protein NTNHA- 
A. The two proteins have surprisingly similar domain structures (A). The complex 
formed by the two proteins (B) can survive the conditions of the gastrointestinal 


factor attachment protein receptor) proteins 
involved in the release of this neurotransmitter 
from nerve terminals (2). On page 977 of this 
issue, Gu et al. (3) provide a key insight into 
how botulinum neurotoxin can survive pas- 
sage through the gastrointestinal tract, allow- 
ing the intact toxin to reach the bloodstream. 
Botulinum neurotoxin is synthesized as 
a single 150 kD protein, which is modified 
posttranslationally to the active two-chain 
form (2). The smaller light chain (LC) catal- 
yses SNARE protein cleavage by a Zn?*- 
dependent mechanism. The larger heavy 
chain contains a binding domain (H,) for 
selective attachment to cholinergic nerve 
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Translocation domain (H,) 


Binding domain (H.) 


meen Neurotoxin-associated protein NTNHA-A 


Botulinum neurotoxin can intoxicate 
the host by inhalation or ingestion. Both 
routes involve transcytosis of the neuro- 
toxin across epithelial barriers to reach the 
circulation, and from there, the nerve termi- 
nal targets (6). During passage through the 
gastrointestinal tract the toxin must endure 
extremes in pH and potential destruction 
by proteolysis to emerge as active toxin in 
the bloodstream. Gu et al. demonstrate how 
botulinum neurotoxin achieves this feat, the 
subject of conjecture for more than half a 
century. The key to this mystery lies in the 
accessory proteins that are cosecreted by 
botulinum neurotoxin-producing bacteria. 
Thus, botulinum neurotoxin exists in nature 
not as the pure toxin but rather as a complex 
bound noncovalently with neurotoxin-asso- 
ciated proteins. 
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Botulinum neurotoxin must form a complex 
with a structurally similar protein to survive in 
the gastrointestinal tract. 


Unlike botulinum neurotoxin/A, which 
is the most lethal substance known, neu- 
rotoxin-associated proteins are completely 
devoid of toxicity (2). Three of these 
(HA17, HA33, and HA70) have hemagglu- 
tinin activity; the fourth and largest lacks 
this activity and is called nontoxic non- 
hemagglutinin (NTNHA). When associ- 
ated with these proteins, botulinum neuro- 
toxin is referred to as the toxin complex or 
progenitor toxin, with molecular weights of 
300 to 900 kD depending on the degree of 
aggregation (6). 


Minimally functional progenitor toxin complex 
B NTNHA-A 


BoNT/Ai 


tract, whereas neither protein can survive these conditions in isolation. nLC, nHy, 
and nH, denote the regions in NTNHA-A that correspond to the LC, Hy, and H;, of 
the neurotoxin, respectively. Data from Gu et al.'s (3) supporting online material: 
(A) modified from figure $6; (B) modified from figure S3. 


Gu et al. focus on the role of NINHA, 
which together with botulinum neurotoxin 
constitutes the minimally functional pro- 
genitor toxin complex (M-PTC) (3). The 
authors coexpressed a catalytically inactive 
mutant of botulinum neurotoxin/A (BoNT/ 
Ai) with an NTNHA identical to that associ- 
ated with wild-type botulinum neurotoxin/A 
(NTNHA-A) in Escherichia coli. The pro- 
teins form a tight 1:1 complex at acidic pH 
similar to that found in native M-PTC. The 
crystal structure of this complex at high reso- 
lution (2.7 A) shows the detailed interactions 
between the toxin and the associated protein. 
Unexpectedly, NTNHA-A exhibits a very 
similar domain architecture to BoNT/Ai (see 
the figure, panel A), although the two proteins 
share only 20% sequence identity. Despite 
this structural similarity, NTINHA-A lacks 
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the specialized motifs required for binding to 
nerve terminals or cleaving SNARE proteins. 

Gu et al. subjected NTNHA-A, BoNT/ 
Ai and M-PTC to conditions resembling 
those relevant to the absorption of botuli- 
num neurotoxin in the gastrointestinal tract 
(7). Only M-PTC was stable in pepsin at pH 
2.6 and in trypsin at pH 6. Neutral or alka- 
line pH promoted dissociation of the com- 
plex, resulting in loss of protection against 
trypsin inactivation. The essential residues 
involved in the interaction between BoNT/ 
Ai and NTNHA-A were identified by site- 
directed mutagenesis. The results suggest 
that small molecule inhibitors could be 
developed to weaken this interaction and 
inactivate the neurotoxin early in intoxica- 
tion, when intervention would be most effec- 
tive. However, because there are no signs of 
botulism until SNARE protein cleavage is 
in progress (2), the inhibitors would need 
to be taken before exposure, requiring prior 
knowledge of an attack. 


Examination of the crystal structure of 
the M-PTC complex helps to understand how 
NTNHA-A protects BoNT/Ai. The domain 
of botulinum neurotoxin most susceptible to 
proteolysis is the H, (8), and all three domains 
of NHTHA-A interact extensively with this 
domain, thereby protecting it against prote- 
olysis (see the figure, panel B). In contrast, 
the catalytically active LC domain of botu- 
linum neurotoxin does not appear to interact 
with NTNHA-A, suggesting that it is inher- 
ently resistant to proteolytic degradation in 
the M-PTC complex. These results suggest 
that it may be possible to orally deliver pro- 
tein-based therapeutics—both for botulism 
and for other conditions where a protein- or 
peptide-based drug is indicated—by cou- 
pling them to modified M-PTCs to protect 
the cargo from degradation. 

The seminal findings of Gu et al. raise 
important questions for future studies. Is the 
domain homology of NTNHA unique to sero- 
type A, or is it the general pattern for all sero- 
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types? What are the roles of the other neuro- 
toxin-associated proteins, especially HA33, 
which resists proteolysis and enhances trans- 
cytosis of neurotoxin (9)? Finally, given that 
the 900 kD complex provides the best protec- 
tion against degradation of botulinum neu- 
rotoxin (5), how is this complex assembled, 
and how does each component contribute to 
keeping the toxin structurally intact and able 
to invade and inactivate cholinergic nerve 
cells in the host organism? 
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Solving Amorphous Structures— 
Two Pairs Beat One 


J. Murray Gibson 


iffraction data can be used to deter- 
D«« atomic structures by creating 

and refining a structural model. If 
the calculated diffraction pattern is in suffi- 
ciently good statistical agreement with the 
data, we trust that a unique structure has 
been found. For single crystals, the data are 
well-defined diffraction spots that represent 
reflections off the repeating lattice of atoms. 
For amorphous materials, the data are trans- 
formed into a radial distribution function 
(RDF) that provides the distribution of inter- 
atomic distances, typically over the range 
from 1 to 10 A. In such cases, structural 
models can be tested against the RDF by ana- 
lyzing the distribution of distances between 
random pairs of atoms. It is tempting to treat 
a model that has good agreement with the 
RDF as a unique structure, but on page 950 
of this issue, Treacy and Borisenko (/) show 
that we cannot always rely on the RDF to fin- 
gerprint the correct medium-range structure 
(5 to 30 A) of a material that is disordered on 
the nanoscale. They show that more than one 
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structure, including some that resemble crys- 
tals in their topology, can equally well fit the 
RDF of amorphous silicon (a-Si). 

The limitation of the RDF arises because 
it depends only on two-atom (“pair”) corre- 
lations. New experimental data that revealed 
higher-order atom pair-pair correlations, 
used by Treacy and Borisenko to constrain 
modeling, points against the random net- 
work (see the figure) as a good model for 
most a-Si samples. Although the lack of 


Consideration of atomic ordering beyond just 
pairs of atoms shows that amorphous silicon 

is better modeled as paracrystalline material 
than as a disordered network. 


uniqueness of the RDF beyond very short- 
range structure (beyond 5 A) has been rec- 
ognized [for example, see (2)], the RDF has 
still been repeatedly used to make structural 
inferences because it had been generally 
assumed that no competing nonrandom net- 
work model could fit the data equally well. 

Because it has a pure, tetrahedrally 
bonded network of just one type of atom, 
a-Si is an excellent model of a disordered 
material. Interest accelerated when it was 
demonstrated in the 1960s that a-Si and 
amorphous germanium could be made 
semiconducting by preparation in the pres- 
ence of hydrogen, followed by demonstra- 
tion of doping by Spear and LeComber (3) 
and Anderson’s work on localization (4). 
Applications of a-Si now include photovol- 
taics and thin-film-transistor displays. 

The structure of a-Si was assumed to be 


Testing amorphous structure models. One of the 
atomic models used by Treacy and Borisenko to fit 
the radial distribution function and fluctuation 
microscopy data. Highlighted are regions illustrative 
of the continuous random network (in blue) and the 
paracrystalline cubic structure (red). 
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a random network. The continuous random 
network (CRN) model, originally introduced 
by Zachariasen (5) for silica glasses, was 
extended to amorphous silicon by Polk (6) 
and since has repeatedly been shown to fit the 
RDF well. Microcrystalline models, based on 
interconnecting regions of very small crystal 
grains, had earlier been dismissed as unable 
to fit the RDF, but it now appears that these 
models were too simple and did not properly 
include strains introduced between crystalline 
regions. The figure highlights examples of a 
random network, and a topologically cubic 
(“paracrystalline”) region, in one of Treacy 
and Borisenko’s models used to fit the experi- 
mental data for a-Si. 

Problems with the CRN model were iden- 
tified many years ago. Early qualitative trans- 
mission EM (TEM) seemed to show that a 
more ordered microcrystalline structure may 
better explain the first high-resolution TEM 
images (7), yet it was soon realized that even 
a random model could have fluctuations that 
mimic ordering so that qualitative inspection 
of images could not distinguish these models 
(8). This limitation was taken as further evi- 
dence for the random network model. 

In the 1990s, Treacy and Gibson (9) devel- 
oped a quantitative approach for examining 
scattering fluctuations on the atomic scale 
from TEM, which they named fluctuation EM 
(FEM). Their initial results showed high sen- 
sitivity of FEM to topological ordering and 
suggested experimentally that it would be 
hard to obtain a continuous random network 
in a-Si unless it has been well annealed. 

Controversy has remained. Although most 
workers who have attempted FEM on a-Si 
have found similar results to Treacy and co- 
workers, some have assumed that the volume 
fraction of ordered regions is small (/0). Gib- 
son et al. (1/) demonstrated experimentally 
that the volume fraction of paracrystalline 
material is substantial (~50%). 

The importance of including other con- 
straints together with the RDF in structural 
refinement has been recognized, for example, 
by Billinge (/2). The blind spot in the RDF is 
particularly pronounced at the medium range; 
it is very insensitive to topology because it 
only examines the distribution of randomly 
selected pairs. The FEM data, which come 
from statistical studies of coherent nanodif- 
fraction, depend on higher-order correlations, 
such as the four-body pair-pair or “bond cor- 
relation” functions. Because this function 
starts with the local orientation of a bond and 
can reveal whether there are other bonds in 
the vicinity that are correlated in direction, it 
is much more sensitive to topology. 

Treacy and Borisenko have reported 


here a major step forward by carrying out 
an experimentally constrained relaxation of 
structural models with both RDF and FEM 
data, combined with exploration of the topo- 
logical characteristics for the structures that 
emerged. They show that previous studies 
that assumed only the CRN can fit the RDF 
data were misguided. Just as good a fit can 
be obtained from either a random or para- 
crystalline model. However, the FEM data 
can only be fitted by a structure with a sub- 
stantial fraction of paracrystallinity. Their 
result shows that the identification of an RDF 
with good fit to a CRN is not sufficient to con- 
clude that the CRN is a good model of the 
structure. Other data that are more sensitive 
to topological or medium-range order are 
necessary to constrain structures. 

That a-Si does not readily form a random 
network is consistent with our knowledge that 
no glass transition from the liquid state to the 
solid state can occur for symmetry reasons, in 
contrast to silica or metallic glasses. It appears 
that the topologically paracrystalline state is 


not thermally stable and that well-annealed 
a-Si approaches the random network struc- 
ture. Because the nature of defects in amor- 
phous networks would be controlled by local 
topology, experimentally constrained molecu- 
lar modeling should be an important line of 
study in understanding electrical, mechanical, 
and other properties of amorphous materials. 
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GENETICS 


Mendelian Puzzles 


Aravinda Chakravarti and Ashish Kapoor 


Variations that lie outside of the coding region of a mutated gene can give rise to a range of clinical 


phenotypes for a Mendelian genetic disorder. 


endelian genetic disorders, rare 
clinical phenotypes arising from 
a single-gene mutation, are 


extremely diverse traits that affect every 
organ system, age group, and human popu- 
lation (/). Their cumulative incidence is rare 
(under 5%) because the clinical phenotypes 
are deleterious and affected individuals rarely 
reproduce. They persist in the population by 
de novo mutation in the past few generations, 
but some recessive mutations are an excep- 
tion because their effects can be sheltered in 
carriers for hundreds of generations. Identi- 
fying the genes and mutations for over 2500 
Mendelian disorders—one of the early fruits 
of the Human Genome Project (2)—has been 
recently spectacularly advanced by sequenc- 
ing entire exomes (the protein-coding con- 
tent of the genome) (3). Nevertheless, we 
will need to closely examine gene-regulatory 
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sequences to understand the full spectrum of 
Mendelian phenotypic variation. Indeed, on 
page 966 of this issue, Lee et al. (4) demon- 
strate that a disorder called Joubert syndrome 
is caused by mutations in either of two differ- 
ent, adjacent genes that share a common reg- 
ulatory region (constituting a so-called cis- 
regulatory module). This is one example of 
how human genetics is maturing from a focus 
on single genes into a more genomic view. 
Mutation analyses of single-gene defects 
have identified two puzzles: One is that not 
all individuals with a specific disorder have 
identifiable coding mutations; the other is 
that not all individuals with identical muta- 
tions, even in the same family, are equally 
affected, and some may be symptom-free. 
The first mystery has many suspected causes: 
The disorder may be due to another gene— 
even the adjacent one, as Lee et al. demon- 
strate—or arise from mutations in a gene’s 
regulatory sequences, or be a phenocopy (a 
trait that is not of genetic origin but is envi- 
ronmentally induced and mimics the pheno- 
type produced by a gene) (5). This is a persis- 
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tent challenge in studying an outbred 
organism like humans; just because 
a disorder is monogenic does not 
imply that it is monocausal. The sec- 
ond problem is more mysterious and 
far less understood. Phenotypic dis- 
cordance, or variation in disease pen- 
etrance, between identical mutation 
bearers could result from differential 
environmental exposures (such as nor- 
mal intelligence versus mental retar- 
dation in diet-treated versus untreated 
phenylketonuria). But most discordant 
cases probably arise from interactions 
of the primary gene with modifier 
genes (6). Another explanation is that 
genetic variation in the primary gene’s 
regulatory sequences is sufficient to 
explain both Mendelian puzzles. 

The human genome sequence has 
revealed a relatively small gene reper- 
toire and widespread conservation of 
noncoding DNA (7). The noncoding 
DNA harbors a variety of regulatory 
elements (sequences) that enhance 
(enhancers), suppress (silencers), 
and locally limit (insulators) the tran- 
scription of genes, as well as pro- 
duce the varying transcripts needed 
(splice site controllers) at any given 
time (8). The details of such control across 
the human genome, and across various tis- 
sues and developmental stages, are far from 
clear, but its general importance is certain. 
The development of sequence variation maps 
has also demonstrated that such regulatory 
sequences can harbor genetic variants that 
have deleterious effects in human disease (9, 
10). Although we are only in the early stages 
of identifying noncoding sequences that are 
important to Mendelian disease, their impact 
is expected to be important. 

Individuals with a Mendelian disorder 
harbor one or two copies (depending on the 
mode of inheritance) of a loss-of-function, 
gain-of-function, or dominant negative muta- 
tion at a specific gene. The repertoire of such 
a gene’s regulatory elements, usually spread 
out within and outside a gene and at times at 
considerable distance from that gene, can also 
harbor mutations that enhance or suppress 
the genetic effect of either the normal or the 
mutant allele(s). For example, for an auto- 
somal dominant disorder in which individu- 
als harbor one normal (wild-type) and one 
mutant gene copy (allele), additional variants 
at a physically close silencer or enhancer can 
modulate the wild-type versus mutant tran- 
scripts so as to yield more or less mutant tran- 
script (//) and protein, thus leading to more 
severe or less severe disease (see the figure). 
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However, natural selection against 
variants in regulatory elements is 
much weaker, allowing them to be 
common in human populations (9). 
By themselves, these variants may 
have only small effects and add to 
transcriptional “noise,” but these 
effects can be amplified in con- 
junction with a disease mutation 
(10). Indeed, these types of local 
allelic interactions may be exceed- 
ingly common, given that poly- 
morphisms in such elements are 
widespread. The combination of 
rare coding mutations with com- 
mon regulatory variants can lead to 
complex patterns of inheritance and 
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Phenotypic variation. Not all individuals with an identical mutation are 
equally affected. Genetic alterations in a regulatory element can alter dos- 
age of a mutant or a wild-type allele, giving rise to variations in phenotype. 


The specific outcomes depend on the func- 
tion of the regulatory sequence and whether 
the regulatory variant is physically linked to 
the wild-type or the mutant allele. More com- 
plex situations may arise when either the reg- 
ulatory variant or the mutant allele, or both, 
exist on both homologous chromosomes, and 
when regulatory variants exist at physically 
unlinked sites on nonhomologous chromo- 
somes. In all such cases, the relative abun- 
dance of mutant to wild-type transcript (and 
protein) can determine consequent variation 
in disease penetrance. In one such family with 
congenital Hirschsprung disease, where the 
gastrointestinal tract fails to develop a ner- 
vous system, disease manifestation depends 
not solely on a null mutation in the gene 
encoding the tyrosine kinase RET, but also on 
a common population variant in an intronic 
enhancer of the gene that is inherited from the 
parent that does not contribute the actual RET 
mutation (/0). As reported by Lee et al. for 
Joubert syndrome, the control of neighboring 
Mendelian disease genes based on a common 
set of regulators can add even greater com- 
plexity to possible outcomes. 

The key to understanding such effects 
is the role of natural selection. Purifying 
negative selection against deleterious cod- 
ing mutations is the basis for their rarity and 
continued occurrence by de novo mutation. 


focus on common polymorphisms 
is extending to the search for rare 
variants (/2). Studies of Mendelian 
disease should also move from its 
preoccupation with rare variants to 
a focus on common polymorphisms, particu- 
larly at regulatory sequences affecting either 
rare disorders like Hirschsprung disease (/0) 
or common disorders like myocardial infarc- 
tion (3). An early argument for sequencing 
only the protein-encoding component of the 
human genome was fortunately settled with 
the decision to sequence the entire genome, 
including the poorly understood noncod- 
ing segments. In retrospect, this was a wise 
choice. It is now clear that to understand pro- 
tein-encoding genes, we need to fathom their 
regulation and how this is compromised in 
Mendelian disease. 
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A Season for Inquiry: Investigating 
Phenology in Local Campus Trees 


Tammy Long'+ and Sara Wyse? 


ichigan State University rightfully 
Me one of the most beautiful 

campuses in the Midwest. Each 
spring, we anticipate a commencement 
gilded with tulips and crabapple blossoms. 
In autumn, the campus beams with golden 
oaks and fiery maples. As a potential subject 
for inquiry learning, phenology, the study 
of recurrent natural events, is appealing for 
many reasons. 

Phenologic studies have relatively few 
logistical constraints compared with many 
topics in biology. Virtually every habi- 
tat imaginable undergoes cyclical or sea- 
sonal changes that can be observed through 
local plants, animals, or other organisms. 
Documenting phenological patterns can be 
a straightforward and cost-effective strat- 
egy for engaging students in the science of 


Campus Trees, the IBI Prize-winning 
module, uses local phenology to create 
authentic inquiry experiences in 
undergraduate biology. 


_ 4 ~ - e — a a pee SS 
Inquiry investigation. Students worked with collaborative teams to develop innovative methods for quan- 
tifying leaf color change and abscission in campus trees. Most groups combined both new technology and 
lower-tech approaches in their data collection strategy. 
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observation with little need for additional 
equipment or supplies. 

The subject of phenology is both timely 
and scientifically relevant. Interannual vari- 
ability in factors such as temperature and 
precipitation can shift the timing of pheno- 
logic events by days to months, with real- 
world impacts ranging from ecosystem 
function (e.g., plant-pollinator interactions) 
to regional economies (e.g., agriculture and 
tourism). Larger-scale trends over long peri- 
ods of time serve as important indicators of 
environmental changes, including climate 
change (J). 

Finally, phenology is complex. Seemingly 
simple processes, such as the changing color 
of leaves, actually result from myriad interac- 
tions occurring across molecular- to ecosys- 
tem-level scales. As a complex system, phe- 
nology encompasses multiple biological pro- 
cesses that can be explored from diverse dis- 
ciplinary perspectives across scales of space 
and time (2, 3) (see the first photo). 

Our introductory labs are taught by grad- 
uate teaching assistants (TAs) ranging in 
both teaching experience and disciplinary 
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expertise. As the real face of the lab, TAs 
bear immediate responsibility for moti- 
vating student learning and bringing new 
instructional strategies into the classroom. 
They recognized that the labs we had been 
teaching, in which students followed pro- 
tocols to confirm known outcomes, did not 
reflect the biology that motivated each of us 
to become biologists. We believed that in 
order to change both the content and culture 
of our labs, we would need to fully engage 
TAs as collaborators in the reform process. 

In summer 2008, we 
invited TAs to a 2-day “boot 
camp” to learn about evi- 
dence-based teaching prac- 
tices (2, 3) and to provide input 
about goals for reforming 
labs. TAs said that labs should 
provide students opportuni- 
ties to experience how sci- 
ence is done—not as a series 
of methodological steps, but 
as a way to ask questions, test 
ideas, and evaluate evidence. 
In addition, TAs wanted labs 
to be more authentic and to 
reflect the uncertainty of sci- 
ence as it is practiced. Stu- 
dents would pursue questions 
in which a “right” answer 
might not be known. 


Published by AAAS 


To incorporate these goals, TAs worked 
in small groups to rewrite existing labs, 
framing them as inquiry investigations with 
explicit and measurable learning objectives. 
Five TAs collaborated with us to take on the 
larger task of developing a new, semester- 
long phenology study, Campus Trees (see 
the second photo). Inspired by the citizen- 
scientist model of the National Phenology 
Network (4), we envisioned the outgrowth 
of a long-term, student-generated database 
documenting phenology in our local cam- 
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Curriculum developers. Graduate TAs, Jeffrey Pierce, Todd Robin- 
son, Mridul Thomas, Sherry Martin (left to right), and Kristen Schmitt 
(inset) collaborated in the original design and implementation of the 
phenology project in Fall 2008 and contributed as authors on support- 
ing lab materials. 
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pus trees. Our primary challenge was how 
to engage students in original inquiry, while 
at the same time, ensuring consistency and 
reliability in the student-generated data. 
Ultimately, we decided that students would 
mirror authentic ecological research by 
working collaboratively to design, field-test, 
and evaluate original methods for quantify- 
ing phenologic change. 

In order to embed replication within the 
project design, we restricted the study to 
200 trees representing four genera: Acer, 
Quercus, Malus, and Ginkgo. The Office of 
Campus Parks and Planning provided maps 
with locations and identification codes for 
all trees in the study (5). Students work- 
ing in groups of four were assigned three 
trees to study for the semester; each tree 
was independently sampled by at least three 
different student groups across different lab 
sections. Students would not know that oth- 
ers were studying “their” trees until later in 
the semester. 

Students began by locating their trees 
in the field, making detailed sketches about 
location and identifying characteristics, and 
recording tree height and diameter. Stu- 
dents had 2 weeks to brainstorm alternative 
approaches for quantifying color change 
and leaf fall and then present their proposals 
in class. Feedback from classmates and TAs 
helped students clarify study objectives and 
solidify their data collection plans. 

For the next several weeks, students 
applied their methods in the field and man- 
aged all logistical and troubleshooting 
issues that arose. After leaves had fallen, 
students uploaded their final data and meth- 
ods to our course-management system, 
LON-CAPA (6). Students used their tree 
codes to search for and retrieve the data and 
methods of other groups that had studied the 
same trees. In a final presentation, students 
evaluated alternative methods and com- 
pared the quality of data produced. Groups 
wrote short papers based on their analyses 
and proposed an “ideal” method that would 
best meet the criteria for (i) producing reli- 
able and accurate phenologic data, (11) gen- 
erating high-quality data that can be used in 
future research, and (iii) feasible implemen- 
tation in a course enrolling large numbers of 
students (up to 1000 per semester). 

What did we learn from this experi- 
ence? First, students are capable of achiev- 
ing far more than we expect. Our concern 
that students might converge on a com- 
mon approach was not realized. In fact, stu- 
dents used diverse and innovative methods 
for data collection [e.g., determining which 
branches to sample using a Twister spinner, 
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quantifying leaf color with electronic color- 
pickers and RGB (red-green-blue) codes] 
and for troubleshooting (e.g., What should 
you do if the landscaping staff prunes the 
branches you were sampling? Should a leaf 
be counted in your sample if it’s half eaten?). 
Another concern—that students would 
regard their own method as “best” and not 
critically evaluate alternatives—was also not 
realized. In their final analyses, few groups 
suggested that they had developed an ideal 
method and, instead, weighed strengths and 
weaknesses of multiple methods. TAs noted 
that by the end of the semester, students bet- 
ter understood how nuances in experimental 
approach could have an impact on both the 
nature and interpretation of data—an impor- 
tant benchmark in the development of sci- 
ence literacy (7). 

Second, TAs have much to offer in 
terms of innovating curricula and providing 
insights that can improve students’ learning 
experiences. Our TAs cared deeply about the 
quality of their students’ learning and took 
pride in their successes. However, in order 
to realize the potential of TAs to rejuvenate 
labs, programs must be willing to liberate 
some creative control and to provide sub- 
stantial mentoring along the way. Inquiry 
teaching is not easy and represents a sig- 
nificant departure from traditional, lecture- 
based instruction. TAs’ transition to inquiry 
teaching involved discussing real examples 
in practice. Iterative feedback and a sup- 
portive network of peers also helped TAs 
develop confidence in their classrooms. Our 
program included TAs in decision-making 
about curricula and acknowledged author- 
ship on TA-developed materials. This can do 
much to illustrate the value of TA input, not 
to mention bolstering TAs’ curriculum vitae 
and teaching portfolios. 

Finally, we advocate for including cre- 
ativity in the reward structure of college- 
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level biology. Confirmatory labs do not pro- 
vide sufficient opportunities for students to 
experience the cycles of failure and recov- 
ery that practicing scientists experience as 
an ordinary part of scientific inquiry. Indeed, 
learning how to deploy creative strategies for 
managing the unexpected is a critical part of 
becoming a scientist yet is rarely reflected in 
most lab curricula. If we truly want to cul- 
tivate a nation of problem-solvers, we must 
allow students opportunities to wrestle with 
real problems and be rewarded for conceiv- 
ing creative strategies for solving them. Our 
students have shown us they are ready for 
the challenge. 
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Experts See Progress, Challenges 
in Advancing Science Diplomacy 


In the late 1990s, 
science and engi- 
neering leaders were 
deeply concerned 
that the U.S. State 
Department lacked 
the scientific exper- 
tise that would be 
needed for the 21st 
century. Now, after 
a sustained effort, 
State has built signif- 
icant scientific and 
technical strength 
and a promising capacity for science diplo- 
macy, high-level experts concluded during a 
day-long discussion at AAAS. 

Starting in 2000 with the appointment 
of veteran scientist-diplomat Norman P. 
Neureiter, four senior scientists have been 
appointed to 3-year terms as science adviser 
to the Secretary of State. Fellowship programs 
now bring dozens of scientists every year to 
the State Department and the U.S. Agency for 
International Development (USAID); some 
have stayed on after their fellowships ended. 
And President Barack Obama has embraced 
a program proposed by U.S. Senator Richard 
Lugar (R—Indiana), appointing six widely 
respected researchers as science envoys. 

Still, participants said, the gains remain 
fragile. U.S. leadership of global science 
diplomacy initiatives could be put at risk by 
severe budget pressures and increasing wari- 
ness of science in some quarters of Congress. 

“Science diplomacy is becoming a more 
integral part of foreign policy,” said Vaughan 
Turekian, the AAAS chief international offi- 
cer and director of its Center for Science 
Diplomacy. “It has the potential to open new 
dimensions both in international relations 
and in research. And so it’s critical to iden- 
tify mechanisms and approaches for increas- 
ing the capacity of foreign ministries to utilize 
science and scientists.” 

The 25 January roundtable was convened 
as a substantive way to celebrate Neureiter’s 
birthday and his contributions to the field. 
Trained as a chemist, in 1967 he became 


Norman P. Neureiter 
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the first U.S. sci- 
ence attaché in East- 
ern Europe, based 
at the U.S. Embassy 
in Warsaw. In the 
early 1970s, while 
working in Presi- 
dent Richard Nixon’s 
Office of Science 
and Technology, he 
helped craft science 
initiatives with China 
and the Soviet Union 
that brought a thaw 
to the Cold War. He joined AAAS in 2004 
and serves as senior adviser to the AAAS 
Center for Science Diplomacy and acting 
director of the AAAS Center for Science, 
Technology and Security Policy. 

In that time, AAAS has emerged as a 
global hub for science diplomacy. In Decem- 
ber, Turekian and Nobel laureate Peter Agre, 
a former AAAS president, joined other sci- 
entists on a visit to Havana, where they met 
Cuban colleagues to discuss possible joint 
research on coral reefs, hurricane dynam- 
ics, and other areas. This month, Turekian 
and Neureiter led a delegation to Myanmar, 
where they met with representatives of seven 
government ministries to discuss issues such 
as health science, forestry, education, and 
linking science to public policy. 

And AAAS will soon launch a quarterly 
online publication, Science and Diplomacy, 
to support global dialogue among scien- 
tists and foreign policy stakeholders (www. 
sciencediplomacy.org). 

The roundtable featured 32 participants 
from six countries, including high-ranking 
officials in the U.S. State Department and their 
counterparts from other nations. Among them 
were three of the first four science advisers to 
the Secretary of State: Neureiter; George H. 
Atkinson, an internationally known profes- 
sor of chemistry and optical sciences at the 
University of Arizona; and current adviser 
William Colglazier, who served 17 years 
as executive officer of the National Acad- 
emy of Sciences. (The third science adviser, 
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AAAS President Nina V. Fedoroff, was in 
Saudi Arabia and unable to attend the event.) 
In 1999, a report by the National Research 
Council detailed the role of science in a range 
of foreign policy issues, including innova- 
tion, energy, health, agriculture, and nuclear 
proliferation, among others. Based on its rec- 
ommendations, Congress and President Bill 
Clinton created the position of science and 
technology adviser to the Secretary of State. 
In remarks at the roundtable, Neureiter 
described his early challenges in establish- 
ing a strong role for science, and the science 
adviser, in the culture of diplomats. Where 
there were only a handful of AAAS Science 
and Technology Policy Fellows at the depart- 
ment in 2000, this year there are about 40, and 
a similar number at USAID. The Jefferson 
Science Fellows, initiated by Atkinson, now 
has 13 tenured faculty from U.S. colleges and 
universities assigned to State and USAID. 
But experts stressed that challenges lie 
ahead. To take science diplomacy to the next 
level, and to make it sustainable, world lead- 
ers must find new ways to develop mutually 
beneficial partnerships. And they must engage 
young researchers, engineers, and diplomats 
who will shape the next generation of interna- 
tional science and the related diplomacy. 


SCIENCE OIG 
Campaign 2012 Site to Track 
Candidates, S&T Issues 


With the U.S. presidential election shifting to 
high gear, AAAS has debuted a Web site that 
offers a detailed look at the candidates and 
their positions on science-related issues. 

The site (http://elections.aaas.org/2012/) 
will focus on five areas: competitiveness and 
innovation; science, technology, engineering, 
and mathematics education and the work- 
force; climate and energy; health and med- 
ical research; and national security. It also 
will offer a range of other information, from 
reports, polls, and news articles to election 
calendars and event listings. 

“We think it’s important that the many com- 
munities interested in U.S. science, technol- 
ogy, and innovation have high-quality mate- 
rials to help them assess all the candidates 
during the campaign season,” said Joanne 
Carney, director of the nonpartisan AAAS 
Office of Government Relations. 
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Disease Tolerance 


as a Defense Strategy 


Ruslan Medzhitov,?* David S. Schneider,2* Miguel P. Soares?* 


The immune system protects from infections primarily by detecting and eliminating the invading 
pathogens; however, the host organism can also protect itself from infectious diseases by 
reducing the negative impact of infections on host fitness. This ability to tolerate a pathogen’s 
presence is a distinct host defense strategy, which has been largely overlooked in animal and 
human studies. Introduction of the notion of “disease tolerance” into the conceptual tool kit of 
immunology will expand our understanding of infectious diseases and host pathogen interactions. 
Analysis of disease tolerance mechanisms should provide new approaches for the treatment 


of infections and other diseases. 


nimal host defense mechanisms have 
Astor been thought to be a func- 

tion of the immune system that aims to 
detect and eliminate invading pathogens. How- 
ever, ecological analyses have long described a 
genetic variation in disease susceptibility in plants 
that could be dissociated from their ability to 
control pathogen burden (/, 2). This variation is 
due to differential ability to tolerate the presence 
of pathogens, and tolerance to infection was thus 
realized to constitute a distinct strategy of host 
defense. The concept of tolerance was only re- 
cently introduced into the field of animal immu- 
nity (3-6), and concerted efforts will be required 
to fully explain the role of tolerance in host pro- 
tection from infectious diseases. 

In principle, the host can protect itself from 
infectious disease using three distinct strategies: 
avoidance, resistance, and tolerance. Avoidance 
reduces the risk of exposure to infectious agents. 
Resistance reduces pathogen burden once the 
infection is established. Tolerance reduces the 
negative impact of an infection on host fitness 
without directly affecting the pathogen burden 
(3, 5, 6). The term tolerance used in this context 
is not to be confused with immunological tol- 
erance, which is defined as unresponsiveness to 
self antigens. In some contexts, however, the two 
terms can be used interchangeably because im- 
munological tolerance is a special case of a mul- 
titude of mechanisms that protect the host from 
immune- or pathogen-inflicted damage. 


Avoidance 

The avoidance strategy works through alteration 
of host behavior and requires that the host de- 
tect the risk of pathogen exposure before being 
infected. Sensing pathogens before infection is 
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mediated primarily through the olfactory and gus- 
tatory systems, although visual cues can also be 
used in some species. Pathogen presence in the 
environment is detected through various molecular 
proxies of high pathogen density, such as volatile 
metabolites specifically produced by microorga- 
nisms, including pathogens. For example, cadaver- 
ine, putrescine, and skatole (3-methylindole) are 
chemicals produced by bacterial metabolism of 
amino acids that occurs during putrefaction of 
animal tissues. Methane thiol is produced by bac- 
terial breakdown of L-methionine and contributes 


by pathogen 


fo 


t. co 


Direct damage Host resist: 


Pathogen 


to the characteristic body odor associated with 
high bacterial densities on the skin. At high doses, 
these chemicals have foul odor (as perceived by 
humans) and thus report on high bacterial den- 
sities and therefore high risk of infection. Their 
detection by the olfactory system triggers aver- 
sive behavior (at least in some species) that helps 
to reduce the risk of infection (7). For example, a 
subset of formyl-peptide receptors is expressed in 
the mammalian vomeronasal organ, where they 
function as olfactory receptors and presumably 
detect pathogens or infected conspecifics (8, 9). 
The gustatory sensory system is also involved in 
triggering aversive behaviors and reflexes. Inter- 
estingly, the chemosensory system used to sense 
bitter taste also appears to be used to detect acyl- 
homoserine lactone, a bacterial quorum-sensing 
molecule that signals high bacterial density (/0). 
It is unclear to what extent different aversive be- 
haviors are innate or learned; this likely depends 
on the stimulus and the host species. The mech- 
anism of aversive behavior is best understood in 
Caenorhabditis elegans, where avoidance of path- 
ogens is a learned behavior, mediated by the ol- 
factory neurons (//, 12). Social insects also have 
well-documented avoidance behaviors that help 
minimize colony exposure to pathogens (/3). Bull- 
frog tadpoles use chemical cues to detect and avoid 
infected conspecifics (/4). In rodents, detection 
of infected conspecifics through the olfactory 


Damage 
caused by 
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Fig. 1. Two types of fitness costs associated with infections. Pathogens can directly damage the host 
tissues. The immune system of the host reduces the pathogen burden through the resistance mechanism. 
The immune response can also damage the host tissues. The host can reduce fitness costs through 
tolerance mechanisms that reduce both the direct tissue damage by pathogens, and immunopathology. 
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system controls mate selection and avoidance of 
social contact (7). Aversive behavior and feel- 
ings of disgust also play an important role in hu- 
mans, helping to reduce pathogen exposure (/5). 
Although pathogen avoidance can have a clear 
adaptive value, extreme forms of aversive be- 
havior can be a considerable handicap, as ex- 
emplified by germophobia, a common type of 
obsessive-compulsive disorder. 


Resistance 


Resistance mechanisms protect the infected host 
by reducing its pathogen burden. Resistance is a 
function of the immune system, which works by 
detection, neutralization, destruction, or expul- 
sion of the pathogens. Both innate and adaptive 
immune systems contribute to host resistance 
to infections. Although the resistance strategy is 
clearly crucial for host protection from infec- 
tions, it carries a substantial cost to host fitness 
(16). Destruction and elimination of pathogens 
is often accompanied by collateral tissue dam- 
age. Even in the absence of overt tissue damage, 
resistance mechanisms commonly occur at a cost 
to normal tissue function. For example, infection- 
induced inflammation alters normal vascular 
function, and increased permeability of airway 
epithelium can compromise normal respiratory 
function (/7). Collectively, the negative impact 
of immune defenses on host fitness is referred to 
as immunopathology (/8). Immunopathology is 
an unavoidable consequence of immune defenses. 
In general, the degree of immunopathology is 
positively correlated with the magnitude and du- 
ration of the immune response. Consequently, 
the trade-off between immunity and immuno- 
pathology constrains both the evolution and the 
deployment of resistance mechanisms. Thus, the 
optimal immune response is determined by 
the balance between efficient pathogen clear- 
ance and an acceptable level of immunopathol- 
ogy (/9). Because insufficient immunity results 
in a high rate of mortality from infections, the 
acceptable level of immunopathology can be high, 
making it a common cause of infectious disease 
symptoms. The trade-off between protective im- 
munity and immunopathology can be decon- 
strained, to an extent, by the tolerance mechanisms, 
which limit tissue damage, thus allowing for a 
higher magnitude and duration of the immune re- 
sponse than would have been otherwise possible. 


Tolerance 


Tolerance is a host defense strategy that reduces 
the negative impact of infection on host fitness. 
Unlike resistance mechanisms, tolerance does not 
directly affect pathogen burden. Rather, tolerance 
decreases the host susceptibility to tissue damage, 
or other fitness costs, caused by the pathogens or 
by the immune response against them (Fig. 1). 
The concept of tolerance as a defense strat- 
egy has been developed and used in studies of 
plant immunity for decades (/, 2). However, it 
was only recently introduced into the field of 
animal immunity (3, 5, 6). The original observa- 


tion by Raberg et al. (4) demonstrated that dis- 
ease severity in Plasmodium-infected mice can 
be dissociated from pathogen burden, thus pro- 
viding the first clear example in which this eco- 
logical definition of host tolerance was applied 
to infections in animals. This study also demon- 
strated differences in tolerance between inbred 
mouse strains, demonstrating that tolerance is 
genetically determined. Tolerance as a common 
host defense strategy in animals was demon- 
strated by a genetic screen of flies. When survival 


Host fitness 


Pathogen burden 
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independently of pathogen load. Indeed, this 
was shown to be the case (27, 28). Tolerance 
to Plasmodium infection is conferred by a mech- 
anism involving heme oxygenase-1 (HO-1), en- 
coded by a stress-inducible gene, Hmox/, which 
is induced in response to oxidative stress (28, 29). 
Interestingly, sickle cell mutations, selected in 
areas where malaria is endemic, confer tolerance 
to Plasmodium infection via a genetic program 
involving inducible HO-1 expression (27). The 
same pathway is also essential to promote toler- 


Fig. 2. Different tissues and physiological processes vary in tolerance capacity. Tissues depicted in red 
have the lowest tolerance to damage, the blue has an intermediate tolerance, and the green has the 


highest tolerance capacity. 


of a lethal bacterial infection was used as a read- 
out, tolerance mutants were isolated as frequent- 
ly as resistance mutants (20). The subsequent 
study demonstrated that the balance of tolerance 
and resistance was pathogen specific and that a 
set of conditions that might favor tolerance for 
one pathogen could promote resistance against 
another (2/). Another study in Drosophila iden- 
tified a phagocytosis-dependent tolerance mech- 
anism (22), illustrating involvement of the same 
process in both resistance and tolerance. Studies 
in C. elegans demonstrated that the unfolded 
protein response (UPR) plays a role in promoting 
tolerance to Pseudomonas aeruginosa infection, 
providing an example of how a stress response 
can help a host endure an infection (23). Interest- 
ingly, this UPR in worms can be triggered system- 
ically through a neuronal mechanism, illustrating 
that the nervous system can play a role in tol- 
erance to infection (24). 

In mice, tolerance mechanisms have been best 
characterized in experimental models of Plasmo- 
dium infection, the causative agent of malaria. 
The blood stage of Plasmodium infection is as- 
sociated with hemolysis and the release of he- 
moglobin. Cell-free hemoglobin promotes tissue 
damage and organ failure, and its toxic effect does 
not scale with the Plasmodium burden (25, 26). 
This suggests that, within a certain range, protect- 
ing the tissues from the toxic effect of hemo- 
globin can promote host fitness and survival 


ance to severe sepsis, illustrating the broad role 
of stress-responsive genes in host tolerance (30). 

Currently, very little is known about the full 
spectrum of tolerance mechanisms, and the few 
available studies in animals cited above already 
hint at their diversity in different species and in 
different types of infection. Because pathogens 
and immunopathology can potentially affect al- 
most any physiological process, tolerance is not 
restricted to a single protective pathway but rather 
encompasses multiple mechanisms that help re- 
duce the host vulnerability to damage. 


Infection-Associated Fitness Costs 


During an infection, the host can sustain two 
types of tissue damage: direct damage by the 
pathogen and immunopathology. Accordingly, 
the host can employ two types of tolerance mech- 
anisms, one minimizing direct pathogen-induced 
damage, the other minimizing immunopathol- 
ogy. Both pathogens and the immune response 
can cause tissue damage by a variety of mech- 
anisms: They can directly kill infected cells or 
disrupt normal tissue architecture, homeostasis, 
and function. Therefore, protection from infection- 
induced tissue damage in principle can be 
achieved by multiple mechanisms. For example, 
metaplasia of columnar epithelium into stratified 
squamous epithelium or hyperplasia and increased 
mucus production by goblet cells will both de- 
crease susceptibility to epithelial damage by path- 
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ogens or other environmental insults (/7). Other 
types of increased tissue protection will have a 
similar effect. Efficient repair of damaged tis- 
sues and adaptation to the consequences of tis- 
sue damage, such as hypoxia, can also increase 
the level of tolerance. Thus, efficient replacement 
of damaged red blood cells through induced 
erythropoiesis may help tolerate infections with 
hemolytic pathogens. Clearly, the same mecha- 
nism would not be effective in the case of infec- 
tions that do not cause anemia. In general, different 
infections cause different spectra of tissue dam- 
age, and these can, in turn, be ameliorated by 
different tolerance mechanisms. Increased toler- 
ance to tissue damage can be achieved, in gen- 
eral, through tissue protection and repair. 

Although tissue damage caused by pathogens 
or by the immune response is the most obvious 
negative outcome of an infectious disease, overt 
tissue damage is only one of many possible fit- 
ness costs associated with infections. In principle, 
almost any physiological process can be nega- 
tively affected by pathogens or by the immune 
and inflammatory responses they elicit. Although 
specific tolerance mechanisms employed in these 
cases are largely unknown, they would be ex- 
pected to prevent, reduce, or counter the patho- 
logical alterations caused by infections. Therefore, 
the mechanisms that normally maintain homeosta- 
sis of various physiological systems are like- 
ly to contribute to host tolerance to infections. 
Alterations in host metabolism and electrolyte 
balance, changes in blood pressure, impaired ab- 
sorptive functions of intestinal and respiratory 
epithelia, local tissue hypoxia, and excessive ex- 
tracellular matrix remodeling are all examples 
of disturbances in host physiology that can be 
caused by pathogens or the immune responses 
they elicit (/7, 3/). In each case, there are ded- 
icated mechanisms that restore homeostasis 
and normal tissue function (regardless of what 
caused their dysregulation), and engagement of 
these mechanisms helps to reduce the fitness 
costs associated with infections. When these mech- 
anisms are sufficient to prevent major disrup- 
tions of physiological functions, infections remain 
asymptomatic. The pathological outcomes of in- 
fections arise when the degree of tissue damage 
or alteration of host physiology exceeds the ca- 
pacity of tolerance mechanisms (Fig. 2). Con- 
versely, enhancement of tolerance mechanisms 
should help reduce morbidity and mortality as- 
sociated with infectious diseases. 


Tolerance Capacity 


The tolerance capacity varies between different 
tissues and physiological processes. Four factors 
define the tolerance level (Fig. 3). First, tissues 
and organs vary in terms of intrinsic damage sus- 
ceptibility. For example, neurons and cardiomyo- 
cytes rely primarily on oxidative metabolism and 
therefore have low tolerance to hypoxia, compared 
with most other cell types that can switch to 
glycolysis under hypoxic conditions (/7). High- 
ly proliferative tissues, on the other hand, are 


more sensitive to apoptosis induced by DNA- 
damaging agents. 

Second, different tissues have different re- 
pair capacity. This capacity generally correlates 
with tissue renewal rates, which can range from 
several days (intestinal epithelium and granulo- 
cytes) to decades or even the entire life span of 
the organism (many neuronal cell types). Tissues 
with high turnover rates—including most epi- 
thelia and hematopoietic cell types—are repaired 
very efficiently and therefore have higher intrin- 
sic tolerance to damage compared with tissues 
with low or no renewal capacity, such as neurons 
and cardiomyocytes, where damage can be irre- 
versible and often lethal. 

Third, tolerance capacity depends on func- 
tional autonomy of cells that make up a given 
tissue. This is because functional autonomy af- 
fords compensation. Hepatocytes and red blood 
cells have a high degree of functional auton- 
omy, and therefore loss of individual cells can 


be compensated by the remaining cells perform- 
ing the same function. The function of most neu- 
rons, on the other hand, is integrated within 
neuronal circuits and their target tissues. Their 
loss, therefore, cannot be compensated and can 
have devastating consequences. 

Fourth, depending on a tissue, the conse- 
quences of a given degree of damage or mal- 
function can vary dramatically. Thus, infections 
with hemorrhagic viruses, such as Ebola virus 
or Marburg virus, tend to be fatal because they 
infect and damage vascular endothelium. Exten- 
sive endothelial damage can have severe con- 
sequences because it can lead to disruption of 
vascular integrity, disseminated microvascular 
clotting, and ischemia with subsequent tissue ne- 
crosis (32). Likewise, infections that cause pneu- 
monia have high mortality rates because defects 
in respiratory function are poorly tolerated. In 
contrast, many skin infections are well tolerated 
and not life threatening. 
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Fig. 3. Tolerance capacity is a function of intrinsic damage susceptibility, repair capacity, functional autonomy, 
and damage sequelae of different tissues and organs. Although tissues generally tend to fall at the 
same ends of the four spectra, the four characteristics do not necessarily correlate with each other. 
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The tissues that have particularly low tol- 
erance capacity tend to be well insulated from 
the internal and external threats. Blood-brain 
barrier, skull, and ribs are examples of the pro- 
tective infrastructure that helps prevent damage 
to brain, lungs, and the heart—the vital organs 
with low tolerance to damage. One special ex- 
ample of the same protective strategy is the 
immune-privileged sites, which are the tissues 
and organs with low tolerance to immunopathol- 
ogy. These tissues and organs, including brain, 
eye chamber, placenta, and gonads, are not per- 
missive to tissue-destructive immune responses 
and are thus better protected from immunopathol- 
ogy than other tissues. They are not completely 
devoid of immune defensive mechanisms, how- 
ever. Rather, immune-privileged sites employ im- 
mune defenses that have low immunopathological 
potential (for example, secretory immunoglobulin 
A and antimicrobial peptides) (33). 


General Strategies of Stress Tolerance 


Cellular stress responses are inducible adapta- 
tions to adverse conditions, such as elevated 
temperature, reactive oxygen species (ROS), os- 
motic pressure, endoplasmic reticulum (ER) over- 
load, hypoxia, or exposure to noxious xenobiotics. 
Each of the common adverse conditions is sensed 
by dedicated stress-response pathways that acti- 
vate a transcriptional master regulator, leading 
to the induction of a battery of stress-response 
genes. These genes perform various emergency 
functions that help the affected cells survive the 
adverse condition. For example, heat shock ac- 
tivates the transcription factor HSF-1 (heat shock 
factor 1), leading to the induction of genes that 
control refolding or degradation of misfolded 
proteins, thereby preventing proteotoxicity (34). 
Oxidative stress leads to activation of transcrip- 
tion factor Nrf2, which in turn induces dozens 
of proteins that scavenge free radicals, eliminate 
damaged proteins, metabolize oxidized mem- 
brane lipids, and repair damaged DNA (35). ER 
stress activates three stress-response pathways 
(ATF6, PERK, and IRE1), which reduce new 
protein synthesis, eliminate misfolded proteins 
from the ER, and restore Ca?” and ROS homeosta- 
sis (36). In each case, a given stress stimulus 
activates dedicated sensors and transcription fac- 
tors that induce the expression of genes required 
to tolerate the stressor. In the absence of the stress- 
response pathways, cells and tissues become 
hypersensitive to the adverse conditions. On the 
other hand, each stress-response pathway oper- 
ates at the cost of normal cell and tissue function, 
which is why these genes cannot be constitu- 
tively turned on and have to be inducible only 
when needed. 

When cellular stress-response pathways are 
activated by a mild stressor, they become more 
tolerant of a more severe insult, a phenomenon 
known as preconditioning, or hormesis. The 
basis of preconditioning is the induction of pro- 
tective mechanisms by a mild insult that, in turn, 
permits tolerance to a greater and potentially 


damaging insult. A similar phenomenon exists 
in the case of inflammatory tissue damage; for 
example, exposure to low levels of inflamma- 
tory stimuli, like bacterial lipopolysaccharide 
(LPS), can protect from otherwise lethal doses 
of LPS. This occurs through induction of neg- 
ative regulators of LPS signaling and selective 
suppression of LPS-inducible genes that have 
high tissue-damage potential (37). Although it is 
not yet known to what extent this phenomenon 
extends to other aspects of inflammatory and im- 
mune responses, it is clear that tissue tolerance 
to inflammatory and other types of damage can 
be transiently increased upon exposure to the 
appropriate stressor. Moreover, it can be hypoth- 
esized that the same tolerance mechanisms can 
be induced by endogenous signals that report on 
the potential or imminent damage, before the 
damage actually occurred. For example, mito- 
chondrial stress or heat shock in one tissue 
can induce stress adaptation in remote tissues 
in C. elegans (38, 39). The signals involved in 
stress communication presumably regulate tis- 
sue tolerance to the anticipated damage. In some 
contexts, this type of signal is already known to 
exist: The protective effect against malaria af- 
forded by sickle hemoglobin mutations results 
from the accumulation of free heme in plasma, a 
mild stressor that induces tolerance mechanisms 
and provides host protection against a subse- 
quent Plasmodium-induced tissue damage (27). 
A similar mechanism operates in severe sepsis 
(30). In addition, activation of the hypothalamic- 
pituitary-adrenal axis by anticipated threats, or 
by the inflammatory cytokines and tissue dam- 
age, leads to a transient reprogramming of mul- 
tiple physiological processes by glucocorticoid 
hormones, thus promoting tolerance to the an- 
ticipated or ongoing tissue damage (40). One 
can expect that during different infections and 
other noxious insults, distinct sets of tolerance- 
promoting signals are induced to prepare the 
host tissues for the imminent damage associated 
with the particular type of infection or nonin- 
fectious insult. Identities of these signals remain 
to be established. 


Basal and Inducible Tolerance 


Each tissue has an intrinsic ability to tolerate 
some degree of stress, damage, or malfunction 
and is thus characterized by a basal level of tol- 
erance. The basal tolerance is afforded by con- 
stitutively active cytoprotective mechanisms, and 
the degree of basal tolerance varies between tis- 
sues and organs. For example, cornified epithe- 
lium has higher intrinsic tolerance to damage 
compared with mucosal epithelium (/7). The tol- 
erance mechanisms that operate at the expense 
of normal tissue functions are inducible. Although 
some cytoprotective genes are constitutively ex- 
pressed at low levels, most are induced only in 
response to tissue stress and damage. Further- 
more, some tissue-protective and repair mecha- 
nisms can only operate once the damage has 
occurred. On the other hand, the constitutive 
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counterpart of tissue repair, tissue renewal, is 
operative under basal conditions. It should be 
noted that, just like a dysregulated immune re- 
sponse, dysregulated tolerance can lead to pathol- 
ogy. A notable example is fibrosis that can result 
from excessive tissue repair. 


General and Specific Tolerance 


Tissue-protective tolerance mechanisms can be 
general in the sense that they are protective against 
most or all types of tissue stress and damage. For 
example, mechanisms that reduce toxic levels 
of ROS have cytoprotective functions for most 
types of stress, because ROS is elevated under 
most stress conditions and high levels of ROS 
make cells more sensitive to the damaging ef- 
fects of most types of stress (47). Similarly, in 
some contexts, antiapoptotic and antinecrotic 
genes likely have a general tolerance-enhancing 
effect regardless of the cause of cell death. Fi- 
nally, tissue-repair mechanisms can be expected 
to confer tolerance no matter the cause of tissue 
damage. On the other hand, specific tolerance 
mechanisms are only protective against some 
but not other forms of stress and damage. Thus, 
the mechanisms that maintain electrolyte balance 
are protective against diarrheal infections, where- 
as erythropoiesis is protective against hemolytic 
pathogens. 

Activation of the general tolerance mecha- 
nisms should result in positive preconditioning, 
such that the tolerance mechanisms induced upon 
infection with one pathogen would increase tol- 
erance to an unrelated pathogen. Activation of 
specialized tolerance mechanisms can also lead 
to positive preconditioning, as long as the re- 
sponse to pathogen A is also protective against 
pathogen B. However, the response to pathogen 
A can also be incompatible with the tolerance to 
pathogen B, resulting in a negative precondi- 
tioning. Some coinfections—for example, in- 
fluenza virus followed by respiratory bacterial 
infections—result in severe morbidity and mor- 
tality. This is generally thought to be a result of 
compromised immunity; however, it may also 
be a result of compromised tolerance. Indeed, it 
is conceivable that inducible tolerance to flu 
infection is incompatible with tolerance to respi- 
ratory bacterial infections. Analysis of mecha- 
nisms of preconditioning is important because it 
can provide the means to reduce morbidity and 
mortality by targeting the compromised tissue- 
protective pathway(s). 


Sickness Behavior: Resistance or Tolerance? 


Infections in animals and humans lead to dra- 
matic changes in behavior, resulting in fatigue, 
anorexia, social withdrawal, fever, and sleep al- 
terations. Collectively, these are known as sick- 
ness behaviors (42). Although sickness behavior 
is assumed to be adaptive, it is not clear whether 
and how it helps the infected host. For example, 
fatigue is thought to preserve energy so as to 
fight infection better; however, fatigue is com- 
monly accompanied by anorexia and therefore 
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reduced energy consumption. Fever is thought 
to enhance immune function, but there is little 
evidence of the positive effect of increased tem- 
perature on immune defenses. Fever is also 
thought to make the host a less suitable niche 
for the pathogens. Different pathogens can have 
very different temperature preferences, however, 
yet fever is induced whenever an infection re- 
sults in systemic inflammation. Although sick- 
ness behavior may have some undefined positive 
effects on the host resistance, we suggest that its 
benefits may have to do largely with promot- 
ing host tolerance to infection. Thus, fever may 
induce tissue protection by inducing HSF-1-— 
mediated cellular heat-shock response. Consist- 
ent with this view, heat shock can render cells 
transiently resistant to tumor necrosis factor— 
mediated killing (43). Anorexia and fatigue may 
similarly help preserve vital processes and pro- 
mote stress tolerance in multiple tissues. Indeed, 
anorexia has been shown to enhance tolerance 
to Salmonella infection in flies, while at the same 
time it reduces resistance to Listeria infection 
(44). Therefore, the presence or absence of pro- 
tective effects of sickness behavior and their 
mechanisms are pathogen specific. 


Failed Host Defenses: 
Immunodeficiencies versus 
Deficiencies in Tolerance 


Despite highly elaborate immune 
defense mechanisms, the host can 
and often does succumb to infec- 
tious diseases. Host defenses can 
fail because the resistance mech- 
anisms are insufficient, overpow- 
ered, or evaded by the pathogen. 
Alternatively, morbidity and mor- 
tality can result from the failure 
of tolerance mechanisms, even in 
the context of effective resistance. 
Most commonly, this would be re- 
flected in a comparable pathogen 
burden in hosts with different mor- 
bidity or mortality profiles. The dis- 
tinction between failed resistance 
and failed tolerance is important 
because it can dictate the choice of 
therapeutic approaches. When the 
primary problem is the failed tol- 
erance, boosting immunity and re- 
ducing pathogen burden (for example, using 
antibiotics or antimalarial drugs) may be inef- 
fective, whereas enhancing tolerance may have 
salutary effects. Therapeutic or prophylactic tar- 
geting of tolerance pathways may also be the 
best strategy when immune defenses are either 
inefficient, compromised, or cause excessive im- 
munopathology. For example, severe malaria 
can be effectively ameliorated, at least in experi- 
mental animals, by preventing tissue damage to 
liver or brain, and this protection can be uncou- 
pled from the pathogen burden (28, 29). The 
same is true for severe sepsis, where limiting tis- 
sue damage prevents multiorgan failure, a hall- 


Host fitness 


mark of this disease (30). In the case of diarrheal 
diseases, an effective treatment is continuous 
rehydration. It does not directly affect pathogen 
burden but does promote host survival. Finally, 
flu symptoms caused by excessive inflamma- 
tory response are commonly treated by COX2 
(cyclooxygenase 2) inhibitors that reduce immu- 
nopathology driven by excessive prostaglandin 
production, without directly affecting the path- 
ogen burden. 

Boosting tissue tolerance is also likely to be 
a useful strategy in the case of infectious dis- 
eases that remain a major cause of morbidity 
and mortality worldwide. Besides malaria, these 
include tuberculosis and HIV, the infectious dis- 
eases for which pathogen control through vac- 
cination or antimicrobial drugs is currently 
unattainable. This strategy will require identi- 
fication of the tolerance mechanisms relevant to 
a particular infectious disease, as has been re- 
cently done for Plasmodium infections (27-29). 
A related strategy is the idea of an “antipathol- 
ogy” vaccine, as an alternative to the traditional 
vaccine approach that aims to reduce pathogen 
burden (45, 46). Thus, vaccination that targets 
and neutralizes a toxin rather than the pathogen 
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Fig. 4. When host fitness is plotted against pathogen burden, the slope of the 
lines reflects host tolerance to a given infection. In this example, A is more 
tolerant to a given level of pathogen burden than B. An equivalent increase in 
pathogen burden will have greater negative impact on B than on A. A and B 
are typically different genotypes studied in the same environment. Alternatively, 
A and B can be two different environments where an organism with the same 
phenotype has different tolerance to infection. Modified from (3). 


that produces it may have a powerful thera- 
peutic effect even without directly affecting the 
pathogen load. In this case, the immune sys- 
tem can contribute to tolerance rather than re- 
sistance (3). 

Primary immunodeficiencies are common- 
ly thought to result from mutations that affect 
immune functions. They may also result from 
defects in tolerance mechanisms, however, a pos- 
sibility that is largely overlooked in both human 
and animal studies. To distinguish between failed 
resistance and failed tolerance, it is important to 
measure pathogen burden and a relevant indi- 
cator of host fitness status. The former is not 


always possible in humans, however, and the 
latter is complicated by the fact that we almost 
never know what the relevant fitness character- 
istics are. Instead, various easily measurable in- 
dicators of health (such as body weight and 
temperature) are commonly used as proxies of 
host fitness. Systematic characterization of bio- 
markers of the relevant pathological processes 
for common infectious diseases would be useful 
for the development of therapies that promote 
host tolerance to infections. 


Pathogen Virulence and Host Tolerance 


Every pathogen is characterized by a certain de- 
gree of virulence, the ability to cause disease in 
a given host. Virulence can reflect either the path- 
ogen’s ability to cause direct tissue damage or the 
immunopathology it elicits. Highly virulent influ- 
enza viruses, for example, cause disease primat- 
ily by eliciting a “cytokine storm’—an excessive 
and sometimes life-threatening inflammatory re- 
sponse (47). It is important to emphasize that vir- 
ulence is a complex function that has at least two 
components. The pathogen-intrinsic component 
is defined, among other things, by the expres- 
sion of toxins and other virulence factors, as 
well as by tissue tropism and repli- 
cation rates of the pathogen. The 
host-intrinsic component is defined 
by its susceptibility (or tolerance) 
to the damage that can be caused 
by the pathogen or by the immune 
response it elicits. Both pathogen- 
intrinsic and host-intrinsic charac- 
teristics can affect host fitness (48). 
For example, differences in avian 
influenza virus tissue tropism in 
humans and birds are a critical de- 
terminant of virulence, which re- 
flects the ability of influenza virus 
to cause immunopathology in hu- 
mans and not in birds (49). Be- 
cause virulence is a function of both 
the pathogen- and the host-intrinsic 
characteristics, it follows that the 
evolution of virulence can reflect 
changes that are either pathogen- 
or host-specific. Thus, a pathogen 
can become more virulent in a new 
host species, and this most likely 
reflects the difference in the host’s 
tolerance because pathogen-intrinsic character- 
istics remain unchanged. For example, the Ebola 
virus is highly virulent in humans because it 
infects and kills vascular endothelium causing 
lethal hemorrhages. In the natural host (which is 
believed to be a fruit bat), the same virus is not 
virulent and presumably does not cause hemor- 
rhage (32). 

In the opposite scenario, a pathogen can be- 
come less virulent in a given host because of 
an increase in host tolerance to damage that 
can be caused by the pathogen. At the extreme, 
a pathogen may even become a part of a normal 
“commensal” microbiota and colonize the host 
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constitutively without causing a disease (50, 5/). 
Thus, host-microbial symbiosis could be due 
to decreased pathogen-intrinsic virulence or due 
to increased host tolerance. 


Tolerance as a Function of Age 


The severity of infectious diseases can vary dra- 
matically across different ages. Interestingly, 
both the very young and the very old are often 
particularly susceptible to infections. This is typ- 
ically thought to reflect insufficient (immature 
or deteriorated) immunity in young and old, re- 
spectively. Although the immune system does 
deteriorate with advanced age (52), the effect of 
aging is more complex than a simple decline in 
immune resistance. For example, it is now well 
documented that inflammatory responses, and at 
least some immune responses, in very old peo- 
ple can be either comparable to the young or, in 
some cases, even enhanced (53). An alternative 
explanation to the higher morbidity and mortal- 
ity rates in the very young and the very old is 
the compromised tolerance to infection. In babies, 
optimal tolerance may be constrained by growth 
and developmental pathways. In the aged, toler- 
ance may be impaired because of the overall 
decline in tissue maintenance and repair capaci- 
ties that occurs with advanced age. Frailty may 
be an extreme case of decline in tolerance, al- 
though its causes are not well understood. 


Conclusions and Perspectives 


Resistance and tolerance are two alternative but 
complementary host defense strategies. Under- 
standing the mechanisms that are critical for host 
survival is important for the choice of thera- 
peutic approaches. Generally, the contribution of 
resistance and tolerance can be distinguished by 
plotting pathogen burden against a health status 
(Fig. 4) (3). It is impossible to tell the reason for 
morbidity and mortality when pathogen load or 
health status are measured alone. Because resist- 
ance, by and large, is the only mechanism con- 
sidered in animal and human studies, when the 
host succumbs to infection it is usually, and often 
incorrectly, ascribed to the failure of the immune 
system. 

The concept of tolerance may also be ap- 
plicable to the “Typhoid Mary” phenomenon. 
Healthy carriers that remain asymptomatic de- 
spite being infected are likely to have a high 
level of tolerance to the pathogen with which 
they are infected. A high level of tolerance is also 
likely to be a characteristic of pathogen vectors. 
From the pathogen’s perspective, the vector needs 
to remain healthy to transmit the pathogen. There- 
fore, the pathogen may actually promote the 
vector’s tolerance to infection. 

The concept of tolerance is not restricted to 
infection but can be applied to most diseases. 
The severity of autoimmune disease, for ex- 
ample, depends not only on the magnitude of 
self-destructive immune response but also on 
the susceptibility of target tissues to the damage 
caused by a given level of response. It would be 


important to characterize the tissue-protective tol- 
erance mechanisms that help minimize negative 
consequences of autoimmune responses. Simi- 
larly, the concepts discussed here are applicable 
to any diseases associated with tissue damage, 
stress, malfunction, or loss of homeostasis. 

The level of tolerance to stress and tissue 
damage can be adjusted to the environment, at 
least in some animals. For example, unfavorable 
environments (scarce food and water sources, 
nonoptimal temperature and humidity, and the 
like) promote the states of suspended animation, 
such as spores (in protozoa), dauer (in the larval 
stage of C. elegans), hibernation, and estivation 
(a state of dormancy in animals entered into as a 
response to high temperatures and arid condi- 
tions). In these states, the animals are highly tol- 
erant of tissue damage and appear to be less 
susceptible to infections. Hibernating ground squir- 
rels, for example, can sustain —2.9°C core body 
temperature and are protected from ischemia- 
reperfusion injury (54). This suggests that sus- 
pended animation is associated with extreme 
tolerance to stress and damage and that tolerance 
can be regulated by environmental cues. Notably, 
at least in worms and flies, these environmental 
signals are linked to the insulin growth factor-1— 
FoxO pathway that controls longevity (55). Defin- 
ing molecular details of such pathways may pave 
the way to new treatment strategies for many 
human maladies, including infectious, inflam- 
matory, and autoimmune diseases. 
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Extremely Long-Lived Nuclear Pore 
Proteins in the Rat Brain 


Jeffrey N. Savas,’* Brandon H. Toyama,** Tao Xu," John R. Yates III," Martin W. Hetzer?t+ 


unctional deterioration and accumulation 
of damage to the proteome is largely re- 
paired through protein turnover where po- 
tentially impaired polypeptides are replaced with 
new, functional copies. These turnover mechanisms 
are particularly important in postmitotic cells such 
as neurons, because they cannot dilute potential- 
ly toxic species through cell division. Nearly all 
proteins within the human proteome are recycled 
in less than a few days (/, 2). However, a few 
extremely long-lived proteins (ELLPs) with half- 
lives on the order of months have been identified 
(3, 4), including myelin basic protein (MBP). A 
subset of nuclear pore complex (NPC) proteins, 
which form transport channels responsible for me- 
diating nuclear trafficking (5), are present but no 
longer expressed in differentiated cells (6). Thus, 
at least a subset of nucleoporins (Nups) are not, or 
are only very slowly, replaced during adulthood. 
However, because worms have a life span of a 
few weeks, it remains unclear whether NPC com- 
ponents remain incorporated in the nuclear mem- 
brane over years, particularly in the central nervous 
system of mammals, which contain nondividing 
cells that are as old as the organism itself (7). 
To explore this question, we performed pulse 
chase labeling of whole rats with the stable iso- 


tope '°N followed by mass spectrometry to mon- 
itor global protein turnover on a time scale of 
years (the average life span of a lab rat is 2 years). 
Two female rats and their progeny were fed a 
'SN-enriched algal cell diet, and at 6 weeks all 
progeny rats were switched to a '4N diet. Fully 
'SN labeled rats were immediately killed and their 
tissues harvested. Nuclei from liver, an organ that 
turns over within 4 to 6 months, and brain were 
purified, digested with trypsin, and analyzed by 
MudPIT (multidimensional protein identification 
technology) LCLC-MS/MS (multidimensional liq- 
uid chromatography—tandem mass spectrometry). 
At time = 0, we calculated '°N isotopic protein la- 
beling efficiency of >98% and identified more than 
3400 fully '°N proteins (20,754 peptides) and only 
9 '4N proteins (14 peptides). Two additional ani- 
mals were killed at 6 and 12 months, and !°N/!4N 
ratios were determined for more than 3500 unique 
proteins. Only seven heavy ('°N) proteins (11 pep- 
tides) were found in the liver after 6 months, consist- 
ent with the relatively rapid turnover of hepatocytes. 
In contrast, the brain contained a large number of 
heavy peptides (92 peptides) even after 12 months 
(Fig. 1, A and B, and fig. SIE). These peptides 
corresponded to 25 proteins and included MBP 
and histones, the latter having reported half-lives 
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Fig. 1. Identification of NUPs and histones as ELLPs in mammalian brain. (A) MS1 scans [indicated 
mass/charge (m/z) ranges] at 0 and 6 months. Distinct peptides for indicated proteins; red indicates *°N 
peptide peaks; black, **N; gray, other peptides. Asterisk peaks were successfully identified by MS/MS. 
(B) Distribution of *°N MS/MS spectral counts (485) grouped as proteins (25) from 12-month brain 
nuclei and 6-month liver nuclei (inset). (C) Relative MS1 peak quantitation for each Nup with heavy 
peptide hits indicated as *°N/“4N ratios when possible. 


of ~220 days in mouse brain (8), confirming the 
validity of our approach. All the other heavy pro- 
teins identified were components of the two es- 
sential core modules of the NPC, the pentameric 
Nup205 complex and the nonameric Nup107-160 
complex (6) (Fig. 1C and table S1). This represents 
an essential intracellular protein machine with pro- 
tein components in excess of a year in age. 

Detailed analysis of '"N spectral counts and 
'SN/'4N MSI ratios revealed that, in contrast to the 
stable scaffold, the peripheral Nups and compo- 
nents of the central transport channel were devoid 
of heavy peptides, suggesting they were completely 
replaced after 6 months (Fig. 1C). Thus, unlike other 
large protein complexes in which all components 
have similar turnover values (/, 2), the individual 
components of NPCs have very different lifetimes. 
This supports the idea that NPCs are built to last the 
entire life span of the cell and are not completely 
removed and assembled anew in postmitotic cells. 
Rather, NPC maintenance in nondividing cells relies 
on the non- or extremely slow exchange of scaffold 
and rapid replacement of peripheral Nups. 

A lack of protein tumover exposes the proteome 
to an increased risk of aberrant chemical modifi- 
cations and oxidative damage during aging. Indeed, 
healthy rats exhibit age-dependent decline of 
NPC function (6). Our results suggest that ELLPs 
represent a diverse class of proteins that regulate 
essential cellular functions and could be linked 
directly to the decline of the aging proteome. 
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Evolution of Shape by Multiple 
Regulatory Changes to a Growth Gene 


David W. Loehlin*t and John H. Werrent 


The genetic changes responsible for morphological differences between species are largely 
unidentified. Such changes can involve modifications of growth that are relevant to understanding 
evolution, development, and disease. We identified a gene that induces male-specific wing size and 
shape differences between Nasonia wasp species. Fine-scale mapping and in situ hybridization 
reveal that changes in at least three regions (two strictly in noncoding sequence) around the gene 
unpaired-like (upd-like) cause changes in spatial and temporal expression of upd-like in the 
developing wing and corresponding changes in wing width. Upd-like shows homology to the 
Drosophila unpaired gene, a well-studied signaling protein that regulates cell proliferation and 
differentiation. Our results indicate how multiple changes in the regulation of upd-like are involved 
in microevolution of morphological and sex-specific differences between species. 
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tors of transcription (JAK/STAT)], nutritional and 
hormonal regulators of body size (such as insu- 
lin signaling) and effector genes of cell growth 
and proliferation (cell cycle, apoptosis, and pro- 
tein synthesis) (9, 70). However, it is not yet clear 
whether evolutionary changes in these genes or 
others underlie size and shape differences be- 
tween animal species (7). 

The parasitoid jewel wasp Nasonia is emerg- 
ing as a model system for investigating the ge- 
netics of species differences in development and 
morphology. The Nasonia genus consists of four 
closely related species, each of which has evolved 
a distinct male wing size (8, //—/3). The greater 
than twofold difference in male wing size between 
N. vitripennis and N. giraulti (Fig. 1A) provides 
a tool for investigating the evolution of growth 
regulation. We isolated the two largest effect 
quantitative trait loci (QTLs) for this male wing 
size difference (J/, 14), wing-sizel (ws1) (14) 


fascinated scientists for centuries (/, 2). 

Changes in morphology, such as the beaks 
of birds, toes of lizards, and hands of humans, 
underpin diversification and adaptation into dif- 
ferent ecological niches (3-5). Yet the genes and 
genetic changes responsible for animal shape 
differences between species remain poorly under- 


T= diversity of animal size and shape has 


A 


stood (6-8). Genetic studies have revealed some 
genes and pathways required for growth and 
regulation of size and shape during develop- 
ment, many of which are also involved in human 
disease such as cancer and diabetes (9). These 
include signaling genes that regulate organ- 
specific patterning and growth [e.g., Wnt, Hippo, 
and Janus kinase-signal transducers and activa- 


Adult 


and widerwing (wdw) (11), which increase wing 


Department of Biology, University of Rochester, Rochester, 
NY 14627, USA. 

*Present address: Howard Hughes Medical Institute and Lab- 
oratory of Molecular Biology, University of Wisconsin, Madison, 
WI 53706, USA. 

tTo whom correspondence should be addressed. E-mail: 
loehlin@wisc.edu (D.W.L.); werr@mail.rochester.edu (J.H.W.) 


Prepupa 


N. vitripennis N. giraulti wdw-135k 


NV21596 


D 
> N. vitripennis 


NV21595 


ee 


upd-like hmm1064384 


Maverick TE 


NV21595 NV10313 upd-like hmm1064384 v 


5200000! 5300000 


té————._ wdw 115kb ———>" 


Fig. 1. Wdw maps to the upd-like locus and affects its expression. (A) 
Male N. vitripennis and N. giraulti have diverged in wing size. (B) Genes 
in the 200-kb region around wdw in N. vitripennis, including a Maverick 
transposable element that is absent in W. giraulti and does not appear to affect 
wing size (28). (C) Recombinant genotypes (left) and phenotypes (right) map 
the full wdw effect to a 115-kb region. The wing width of haploid males of 
two genotypes of interest was measured using crosses (fig. $1) (27) between 
the original wdw introgression (solid orange bar) and one of the following: (i) 
N. vitripennis, (ii) an introgression recombinant on the left, (iii) an introgression 
recombinant on the right, and (iv) an introgression recombinant on both sides 
(wdw-135k). White, W. vitripennis genotype; orange, N. giraulti genotype; 
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gray, genotype between markers is unknown. Dark blue bars and * show 
statistically significant difference in wing width between genotypes, cor- 
rected for multiple testing (Bonferroni); light blue bars, no significant dif- 
ference. DFDen, Denominator degrees of freedom from restricted maximum 
likelihood analysis of variance (ANOVA). Error bars show standard error. (D) 
RNA in situ hybridization reveals that the wdw introgression (wdw-135k line) 
has broader upd-like expression than N. vitripennis, consistent with the larger 
wing size. No expression pattern is seen for neighboring genes NV21595 and 
hmm1064384. NV10313 is not expressed in wing (18). Arrowheads denote 
boundaries of upd-like expression. Quantification of the size of the expression 
domain is in fig. $3. Scale bars, 200 um. 
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size through different mechanisms. The giraulti 
allele of ws/ increases overall male wing size relative 
to N. vitripennis. The genetic change underlying 
ws1 has been mapped to a 13.5-kb noncoding in- 
terval containing the 5'-untranslated region of the 
sex-determining factor doublesex (8). Changes in 


doublesex expression level in the developing wing 
are correlated with the wing size difference. double- 
sex 1S a major sex-determining factor in animals, 
found from humans to worms, which provides the 
downstream signal of somatic sex (/5) and which 
also can have a role in growth regulation (8, 16). 


Positional cloning and identification of wdw. 
Widerwing (wdw) alters male-specific wing shape, 
as well as wing size, by changing cell numbers dif 
ferentially across the width of the male wing, but 
with no effect on female wing size (//). The male 
wing size phenotype was initially mapped to a 


wdw-B 
Fig. 2. Multiple intervals within the wdw region affect wing size. The wdw phe- 
notype splits into at least three subregions (light dotted lines), each with significant 
effects on wing size. Heavy dotted lines mark sequence differences between 
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Fig. 3. Anterior-specific effects of the wdw-A subregion. (A) The original wdw 
introgression affects the size of sectors across the width of the adult wing, whereas 
the wdw-A subregion only affects the anterior-central sector. The width of four A-P 
sectors was measured for the genotype pairs indicated on the left (27). (i) Original 
wdw introgression compared with N. vitripennis; (ii) wdw-A-50k compared with 
N. vitripennis. Dark blue bars and * show statistically significant difference in sector 
width between genotypes, corrected for multiple testing (Bonferroni). Error bars 
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three pairs of adjacent recombinant lines that best define these subregions. 
Also shown are two recombinants (wdw-A-50k and LB3-125, also used in Figs. 
3 and 4) where recombination has isolated the wdw-A and wdw-C subregions. 
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show standard error. (B) Diagram of the adult wing sectors used in part A and 
Fig. 4A. (C) Illustration of Nasonia wing imaginal disc, which develops in a similar 
Orientation to the adult wing. (D) Adult wings reveal anterior-specific expansion in 
wdw-A. Dashed line marks position of median vein (inferred A-P boundary). Dotted 
lines mark wing edges. (E) wdw-A also regulates anterior-specific expression of 
upd-like in prepupae. Dashed line marks wing tip (A-P boundary, fig. $3). Arrow- 
heads denote boundaries of upd-like expression. Scale bars, 200 um. 
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1-Mb region by introgressing chromosome seg- 
ments from N. giraulti into N. vitripennis. Re- 
combination mapping using generated recessive 
lethal mutations linked to the introgression (fig. 
S1) (17) mapped wadw further to 115 kb (Fig. 1). 
During this process, we broke the region into in- 
tervals differentially affecting male wing width, 
which we made into inbred lines for further analysis 
(18). We also created a 135-kb introgression (wdw- 
135k line) of N. giraulti sequence in N. vitripennis, 
resulting in males with wide wings that are not 
significantly different in wing width from the orig- 
inal wdw introgression line (Fig. 1). 

Only one gene, NV21594, occurs within the 
115-kb wdw region (Fig. 1) (8), which suggests 
that it could be the gene behind the wing size 
difference. However, it is also possible that genes 
adjacent to the 115-kb region are responsible, as 
their expression patterns could be encoded in cis- 
regulatory elements within this region. We tested 
the expression of NV21594 and adjacent genes 
NV10313, NV21595, and hmm1064384 in wings 
using reverse transcription polymerase chain reac- 
tion. We detected expression of all but WV/0313 in 
male wings (/8). We further investigated whether 
NV21594 or adjacent genes have spatial expres- 
sion patterns in developing wings by using RNA 
in situ hybridization (17). Whereas NV21595 and 
hmm 1064384 do not show a spatial pattern of ex- 
pression (Fig. 1) (18), NV21594 shows a clear spatial 
expression pattern that differs between N. vitripennis 
and the N. giraulti introgression. Specifically, it is 


expressed in the tip of the N. vitripennis prepupal 
male wing but is expressed much more broadly 
along the wing edge in the giraulti allele of wdw 
in a vitripennis background (wdw,V ) and also in 
N. giraulti male wings (Fig. | and figs. S3 and S4) 
(/8). Thus, the correlation between expression pat- 
tern and wing size suggests NV 2/594 as the likely 
candidate for wdw. 

Through searches of other arthropod ge- 
nomes, we have identified genes with homol- 
ogy to NV21594 in the holometabolous insect 
orders Hymenoptera, Coleoptera, and Diptera 
(fig. S5) (78), which include the Drosophila 
melanogaster gene unpaired (upd ). The upd can- 
didates from these orders share five conserved 
peptide motifs, including an unusual short motif 
(WXNPCG) that is diagnostic for upd candidate 
protein genes in Nasonia, Apis, Tribolium, and 
D. melanogaster (table S1) (78). We therefore 
refer to NV21594 as unpaired-like (upd-like). 
The upd candidates occur in clusters with 
two paralogous genes (upd-like2 and upd- 
like3) in each of these taxa, as is also found in 
D. melanogaster. These proteins are also highly 
alpha-helical (fig. S5), which is typical of cyto- 
kines (/9). Upd in Drosophila regulates cell 
proliferation as a ligand of the JAK-STAT path- 
way and is thus a reasonable candidate for a 
wing-growth gene. Upd is thought to play a sim- 
ilar role in Drosophila as the mammalian cyto- 
kine interleukin-6 (IL-6), which is involved in a 
number of human diseases (/9). 


Fig. 4. Temporal regula- A Genotype Width of Adult 
tion of upd-like by wdw-C. Wing Sector (um) 
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upd-like expression in the 
tip of the wing is visible 
only in gray larvae and 
prepupae. In pupal wings, 
expression is only apparent 
in the proximal posterior 
wing (arrow). In wdw-135k, 
expression is similar to N. 
vitripennis in gray larvae 
but expands apically in 
prepupae and is active later 
into pupation. In wdw-C 
(LB3-125), expression is 
vitripennis-tike in the pre- 
pupa and giraulti-like in 
the pupa, which suggests 
that this subregion controls 
temporal regulation of upd- 
like. Control gene wingless 
is expressed at all stages 
(fig. $8). 
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The wdwe introgression both increases wing 
width (by 25%) and expands the length of the upd- 
like expression domain along the wing edge (by 
159%) relative to N. vitripennis (fig. S3). It may be 
that wdw, introgression could be causing the ob- 
served expansion in upd-like expression, but it is 
also possible that this expansion is simply a by- 
product of the larger wing. We thus examined upd- 
like expression using the large winged ws/, QTL, 
which increases wing width by 30% (8). Although 
wsl, and wdw, have wings similarly wider than 
N. vitripennis, upd-like expression in wsl, is 
vitripennis-like (fig. S4). Specifically, expression 
is absent from the posterior wing margin and 
significantly contracted relative to wdwe, with a 
54% smaller expression edge length (fig. S3). 
These results suggest that the wdw region is a 
driver of both upd-like expression and male wing 
size. In females, the wdw, introgression does not 
affect wing size (//), and upd-like is expressed in a 
broad curve in both introgression and WN. vitripennis 
female wings (fig. S6). This indicates that upd-like 
is not a male-specific gene, but rather that its ex- 
pression is regulated in a male-specific fashion. 
The dependence of both male wing size and ex- 
pression pattern on the wdw allele strongly in- 
dicates that upd-like is the gene that mediates the 
wing size difference. 

Multiple noncoding intervals around upd- 
like contribute to the wing size difference. 
Several recombinants within the 115-kb wdw re- 
gion had intermediate wing sizes, which indicated 


p DFDen 
<0.0001* 82 
<0.0001* 85 

0.0003* 84 
<0.0001* 83 


day 8 pupa early orange eye 


www.sciencemag.org SCIENCE VOL 335 24 FEBRUARY 2012 


945 


Downloaded from www.sciencemag.org on February 23, 2012 


RESEARCH ARTICLE 


that it is likely that multiple functional sequence 
changes contribute to the full wdw phenotype. 
Experimental crosses between recombinant lines 
that differ in giraulti sequence within the 115-kb 
region around upd-like (fig. S1) identified three 
subregions within the 115-kb wdw region that 
differentially contribute to wing size (Fig. 2). The 
middle subregion (wdw-B) contains both non- 
coding differences and a few coding changes in 
the first exon of upd-like. However, two of the 
three subregions, wdw-A and wdw-C, contain 
exclusively noncoding DNA. We created a wdw- 
A recombinant line (wdw-A-50k) that contains 
only 50 kb of giraulti noncoding sequence 
spanning the wdw-A subregion. These wdw-A- 
50k males have significantly larger wings than 
N. vitripennis (Fig. 2), which suggests that non- 
coding changes in the region are sufficient to 
alter wing size, regardless of whether the upd-like 
protein coding sequence comes from N. giraulti or 
N. vitripennis. 

The three wdw subregions appear to each 
regulate distinct spatial parts of the wing width 
difference. We measured changes in width along 
the wing anterior-posterior (AP) axis in our re- 
combinant lines (Figs. 3 and 4 and fig. S7) and 
documented that the full wdw, introgression in- 
creases wing width in each sector along the 
AP axis, with a particularly strong effect in the 
anterior-central sector (Fig. 3). The three sub- 
regions subdivide this pattern. Wdw-A only af- 
fects wing size in the anterior half of the wing 
and appears to contribute primarily to the size of 
the anterior-central sector (Fig. 3 and fig. $7). In 
contrast, wdw-B and wdw-C have broader ef- 
fects on wing width, and their specific effects 
appear to depend on the genotype at other sub- 
regions. Specifically, whereas the spatial effects 
of wdw-A are similar whether we compare re- 
combinants from the left side or from the right 
side of the region, the spatial effects of wdw-B 
and wdw-C show significant differences (fig. S7) 
across all sectors or modestly spatially restricted 
effects, depending on the direction of the com- 
parison. This suggests either that the subregions 
interact epistatically to produce the full wing 
size difference or that there are additional mod- 
ifier QTLs, most likely located between wdw-B 
and C. For subsequent analysis of wdw-C, we 
focused on a recombinant line (LB3-125) that 
contains giraulti sequence only at wdw-C. This 
line has a fairly uniform effect, a 7.4 + 0.2 um to 
11.0 + 0.9 um (7 to 15%) increase in each wing 
sector relative to N. vitripennis (Fig. 4). 

Wdw-A causes an increase in wing width 
in the anterior half of the wing. It also causes 
an anterior-specific change in upd-like expression, 
which is broad and girauilti-like in the anterior of 
wdw-A (wdw-A-50k line) prepupal wings and 
yet contracted and vitripennis-like in the posterior 
(Fig. 3 and fig. S3). We verified that this was a 
shift in the anterior expression pattern and not a 
shift in the A-P compartment boundary by costain- 
ing with an antibody against the posterior 
compartment-specific protein Engrailed (fig. S3). 


In contrast to wdw-A’s spatial effects, wdw-C 
(LB3-125 recombinant line) increases wing width 
across each A-P axis region (Fig. 4). To our 
surprise, upd-like expression in prepupal wings 
is vitripennis-like in this line (Fig. 4), despite the 
increase in adult wing size. An alternative mech- 
anism that could produce a change in wing size 
is a temporal expansion of upd-like expression. 
Indeed, a broad giraulti-like expression pat- 
tern emerges in wdw-C pupal wings at a stage 
where expression in the wing tip is absent in 
N. vitripennis (Fig. 4) (18). Together, these ob- 
servations suggest that wdw-C is a late-acting 
regulatory element with a broad effect. 

We inferred the effects of wdw-B even though 
we did not genetically isolate it as cleanly as 
wdw-A and wdw-C. Upd-like has a broad expres- 
sion pattern in recombinants bearing giraulti al- 
leles at wdw-B+C (LB3-208 line), not significantly 
different from the full introgression (figs. S3 and 
S9). These data suggest that this subregion con- 
trols the early expression pattern, whereas wdw-C 
controls the late expression pattern. This expres- 
sion pattern also suggests that both wdw-A and 
wdw-B activate upd-like expression in anterior 
cells, perhaps in an overlapping pattern. 

Interspecific patterns of unpaired-like expres- 
sion and wing size. Male wing size and upd-like 
expression were compared in three Nasonia and 
two large-winged outgroup species, the closely 
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related Trichomalopsis sarcophagae and more 
distant Muscidifurax raptorellus (Fig. 5). Small 
male wings appear to be derived, occurring in 
both N. vitripennis and N. longicornis, even 
though N. longicornis is more closely related to 
N. giraulti (12, 20). The reduced male wing width 
in N. longicornis appears to be due, in part, to 
evolution at the wdw locus: introgression of the 
wdw7 region into N. vitripennis (wdw,V ) increases 
adult wing size by 11%, intermediate between 
N. vitripennis and wdw,V (11). Contraction of the 
upd-like expression pattern has occurred in both 
N. vitripennis and N. longicornis males (Fig. 5). 
Furthermore, the NV. /ongicornis upd-like expression 
pattern change is also caused by evolution at wd, 
as the wdw,V introgression has a contracted expres- 
sion pattern relative to wdw,V (Fig. 5 and fig. S3). 

Although the smaller wing size and upd-like 
expression in N. vitripennis and N. longicornis 
could be the result of a hybridization event be- 
tween the species followed by introgression of the 
wdw region, the data do not support this. Sequence 
divergence in the three subregions is consistent 
with the species tree; there is 1.2% divergence be- 
tween N. longicornis and N. giraulti, less than the 
respective 2.4% and 2.8% between these species 
and N. vitripennis (18). Furthermore, analysis of 
phylogenetic tree topology with a sliding window 
across the wdw region, as well as examination of 
parsimony-informative sites, revealed no evidence 


prepupa 


Fig. 5. Evolution of wing size and unpaired-like expression. (A) Adult wings and upd-like expression 
in prepupal wings from Nasonia males and outgroup species. Both WN. vitripennis and N. longicornis 
males have a contracted expression pattern. The species cladogram is adapted from (29). (B) A 
N. longicornis introgression of upd-like into N. vitripennis also shows a contracted expression pattern. 
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of sequence introgression between N. vitripennis 
and N. longicornis (18). These results indicate that 
regulatory evolution of upd-like probably occurred 
in two separate Nasonia lineages, either by parallel 
reductions in NV. vitripennis and N. longicornis or 
by reduction in an ancestral Nasonia lineage fol- 
lowed by expansion in the N. giraulti lineage. This 
observation plus the role of three subregions that 
we have identified between N. vitripennis and 
N. giraulti suggests that unpaired-like is a hotspot 
for wing size evolution in Nasonia. 

Discussion. This study determined the genetic 
basis of wdw, a major component of the male- 
specific wing size difference between N. vitripennis 
and N. giraulti. Our data indicate that upd-like 
causes the spatial changes in cell proliferation 
and growth within the wing and that upd-like is a 
hotspot for size and shape evolution in Nasonia. 
Unpaired (upd) in D. melanogaster is a ligand for 
the JAK/STAT pathway (2/). This pathway’s role 
in cell proliferation makes it a plausible target of 
morphological evolution, though it is not yet known 
whether upd-like mediates its effects in Nasonia 
through JAK/STAT or other pathways. Nasonia 
upd-like appears to be particularly susceptible to 
wing growth-altering changes, which indicates 
that the gene might have a specialized role in spec- 
ifying organ size in the growth gene network. 
Considering that many size and shape differences 
between animals are due to differences in cell num- 
bers (9), upd-like genes could be hotspots of size 
and shape evolution in other species as well. 

Using a phenotype-based positional cloning 
approach, we have identified two different major 
QTL genes (wdw and ws/) that are responsible for 
sex-specific differences in wing development be- 
tween closely related Nasonia species. From what 


is known about fly wing development (22-24), 
the alternative candidate gene approach would 
not have predicted the role of either upd or dsx in 
Nasonia wing size. Nevertheless, both genes ap- 
pear to be homologs of functionally conserved 
developmental regulatory genes, which is consist- 
ent with the hypothesis that core developmental 
genes tend to be involved in morphological evo- 
lution (25, 26). It has also been argued that non- 
coding cis-regulatory changes could play a central 
role in developmental differences between species 
(27, 28). Our findings support this view and fur- 
ther implicate growth-regulating genes in organ- 
specific size and shape evolution. 
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An obstacle to the use of graphene as an alternative to silicon electronics has been the absence 

of an energy gap between its conduction and valence bands, which makes it difficult to achieve low 
power dissipation in the OFF state. We report a bipolar field-effect transistor that exploits the low 
density of states in graphene and its one-atomic-layer thickness. Our prototype devices are graphene 
heterostructures with atomically thin boron nitride or molybdenum disulfide acting as a vertical 
transport barrier. They exhibit room-temperature switching ratios of ~50 and ~10,000, respectively. 
Such devices have potential for high-frequency operation and large-scale integration. 
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vable ON-OFF switching ratios to ~10° and those 
achieved so far at room temperature to <10 (/—7). 
These low ratios are sufficient for individual high- 
frequency transistors and analog electronics (4-7), 
but they present a fundamental problem for any 
realistic prospect of graphene-based integrated cir- 
cuits (/—7). A possible solution is to open a band 
gap in graphene—for example, by using bilayer 
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graphene (8, 9), nanoribbons (/0, /7), quantum 
dots (//), or chemical derivatives (72)}—but it has 
proven difficult to achieve high ON-OFF ratios 
without degrading graphene’s electronic quality. 

We report an alternative graphene transistor 
architecture—namely, a field-effect transistor based 
on quantum tunneling (/3—/7) from a graphene 
electrode through a thin insulating barrier [in our 
case, hexagonal boron nitride (hBN) or molybde- 
num disulfide of ~1 nm thickness]. The operation 
of the device relies on the voltage tunability of 
the tunneling density of states (DOS) in graphene 
and of the effective height A of the tunnel barrier 
adjacent to the graphene electrode. To illustrate the 
proposed concept, we concentrate on graphene- 
hBN-graphene devices [an alternative barrier ma- 
terial (MoS;) is discussed in (/8)]. 

The structure and operational principle of our 
FET are shown in Fig. 1. For convenience of 
characterization, both source and drain electrodes 
were made from graphene layers in the multi- 
terminal Hall bar geometry (8). This device con- 
figuration allowed us to not only measure the 
tunnel current-voltage curves (/-V’) but also char- 
acterize the response of the graphene electrodes, 
thus providing additional information about the 
transistor operation. The core graphene-hBN- 
graphene structure was encapsulated in hBN so 
as to allow higher quality of the graphene elec- 
trodes (19, 20). To fabricate the device shown in 
Fig. 1A, we first used the standard cleavage tech- 
nique (2/) to prepare relatively thick hBN crystals 
on top of an oxidized Si wafer (300 nm of SiO;), 
which acted as a gate electrode (Fig. 1 and fig. S1). 
The crystals served as a high-quality atomically 
flat substrate and a bottom encapsulation layer 
(79). Monolayer graphene (Grg) was then trans- 
ferred onto a selected hBN crystal (20 to 50 nm 
thick) using a dry transfer procedure (/9, 22). 
After deposition of metal contacts (5 nm Ti/50 nm 
Au) and etching to form a multiterminal Hall bar 
mesa, the structure was annealed at 350°C in 
forming gas. A few-atom-thick hBN crystal was 
identified (23) and transferred on top of Grg by 
using the same procedures. This hBN layer served 
as the tunnel barrier. The whole process of po- 
sitioning, annealing, and defining a Hall bar was 
repeated to make the second (top) graphene elec- 
trode (Gry). Last, a thick hBN crystal encapsu- 
lated the entire multilayer structure (Fig. 1A and 
fig. S1). Further details of our multistep fabrica- 
tion procedures can be found in (/8, 22). We 
tested devices with tunnel barriers having thick- 
ness d from 1 to 30 hBN layers (/8). To illustrate 
the basic principle of the tunneling FETs, we fo- 
cus on the data obtained from four devices with a 
tunnel barrier made of 4 to 7 layers and discuss 
the changes observed for other d. 

When a gate voltage V,, was applied between 
the Si substrate and the bottom graphene layer 
(Grg), the carrier concentrations ng and mr in 
both bottom and top electrodes increased because 
of the weak screening by monolayer graphene 
(24), as shown schematically in Fig. 1C. The 
increase of the Fermi energy Ey in the graphene 


layers could lead to a reduction in A for elec- 
trons tunneling predominantly at this energy 
(78). In addition, the effective height also de- 
creased relative to the NP because the electric 
field penetrating through Grg altered the shape 
of the barrier (25, 26). Furthermore, the increase 
in the tunneling DoS as Ey moved away from 
the NP (24) led to an increase in the tunnel cur- 
rent /. Depending on parameters, any of the 
above three contributions could dominate changes 
in J with varying V,. We emphasize that the use 
of graphene in this device architecture is critical 


Si SiOz BN Grg BN Gr, BN 


Fig. 1. Graphene field-effect tunneling transistor. 
(A) Schematic structure of our experimental de- 
vices. In the most basic version of the FET, only 
one graphene electrode (Grg) is essential, and the 
outside electrode can be made from a metal. (B) 
The corresponding band structure with no gate 
voltage applied. (C) The same band structure for a 
finite gate voltage V, and zero bias V. (D) Both 
V, and V, are finite. The cones illustrate graphene’s 
Dirac-like spectrum and, for simplicity, we con- 
sider the tunnel barrier for electrons. 


because this exploits graphene’s low DOS, which 
for a given change in V, led to a much greater 
increase in Eg as compared with a conventional 
two-dimensional gas with parabolic dispersion 
(13-17). This difference translated into much 
greater changes of both A and tunneling DOS. 
The behavior of in-plane resistivity p for the 
Grg and Grr layers as a function of V, is shown in 
Fig. 2A. The curves indicate little residual doping 
for encapsulated graphene (~0 and <10'! cm * 
for Grg and Grr, respectively). In both layers, p 
strongly depended on V,, showing that Grg did 
not screen out the electric field induced by the 
Si-gate electrode. The screening efficiency was 
quantified by Hall effect measurements (Fig. 2, 
B to D), which showed that the gate induced ap- 
proximately the same amount of charge in both 
layers at low concentrations—that is, there was 
little screening if mg was small. As the concen- 
tration in Grg increased, the np(V,) and nr(Vg) 
dependences became super- and sublinear, re- 
spectively (Fig. 2, B and C), because of the in- 
crease in ng, which led to an increasingly greater 
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Fig. 2. Graphene as a tunneling electrode. (A) Re- 
sistivities of the source and drain graphene layers as 
a function of V,. (B to D) Carrier concentrations in 
the two layers induced by gate voltage, which were 
calculated from the measured Hall resistivities p,, by 
using the standard expression n = Blep,y, where B is 
the magnetic field and e is the electron charge. 
Close to the NP, the spikes appear (shown by dotted 
curves) because the above expression is not valid in 
the inhomogeneous regime of electron-hole puddles. 
The shown device has a 4-layer hBN barrier. 
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fraction of the gate-induced electric field being 
screened out by Grp (/8). Hence, more electrons 
accumulated in the bottom graphene electrode, 
and fewer reached the top electrode. The total 
charge accumulated in both layers varied linear- 
ly in V, (Fig. 2D), as expected. We could describe 
the observed redistribution of the charge be- 
tween the two graphene layers in terms of the 
corresponding sequential circuit including the 
quantum capacitance (/3, 27) of the graphene 
layers (fig. S2). For a parabolic band, the ratio 
between ng and 7; would be independent on V,, 
and therefore, the electric field penetrating into 
the tunnel barrier would be substantially reduced 
even in the limit of zero ng (/3). 

A bias voltage Vi, applied between Grg and 
Gry gave rise to a tunnel current through the 
thin hBN barrier that scaled with device area. 
I-V characteristics for one of our devices at var- 
ious V, are shown in Fig. 3A. First, we consider 
the case of zero V,. At low V,, J was linear in 
bias, yielding a tunnel resistivity p’ = V,/7 =100 
gigohms pum’ for this hBN thickness. At higher 
voltages (V, above ~0.1 V), J grew more rap- 
idly. The /-V curves could be described (Fig. 
3A, inset, and fig. S3) by the standard quantum- 
tunneling formulae (25, 26), assuming energy 
conservation but no momentum conservation at 
the mismatched graphene-hBN interface (28). 

As shown below, we could distinguish ex- 
perimentally between electron and hole tunneling 
and found that the tunneling was due to holes. 
This result is in agreement with a recent theory 
for the graphene-hBN interface (29), which reports 
a separation between the Dirac point in graphene 
and the top of the hBN valance band of ~1.5 eV, 
whereas the conduction band is >4 eV away from 
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the Dirac point. The fit to our data with A = 1.5 eV 
yielded a tunneling mass m ~ 0.5 mo (mo is the 
free electron mass), which is in agreement with 
the effective mass for holes in hBN (30). Further- 
more, our analysis indicated that / varied mainly 
with the change in the tunneling DOS, whereas 
the change in tunneling probability with applied 
bias was a secondary (albeit important) effect (78). 
For our atomically thin hBN barriers with rela- 
tively low p’, we were not in a regime of expo- 
nential sensitivity to changes in A[E;(V)]- 

We demonstrate transistor operation in Fig. 
3A, which plots the influence of gate voltage on 
I. V, substantially enhanced the tunnel current, 
and the changes were strongest at low bias. The 
field effect was rather gradual for all gate volt- 
ages up to +50 V, a limit set by the electrical 
breakdown of our SiO, gate dielectric (typically 
~60 V). This response is quantified in Fig. 3B, 
which plots the low-bias tunneling conductivity 
o! = 1/V,, as a function of V.. The influence of V, 
was highly asymmetric: o! changed by a factor 
of ~20 for negative V, (holes) and by a factor of 
6 for positive V, (electrons). We observed changes 
up to ~50 for hole tunneling in other devices and 
always the same asymmetry (fig. S4) (/8). Also, 
the ON-OFF ratios showed little change between 
room and liquid-helium temperatures, as ex- 
pected for A >> thermal energy. 

To analyze the observed behavior of o'( Ve), 
we modeled the zero-bias conductivity by using 
the relation 6! oc DOSp(V,) * DOSt (Vg) * TV 2), 
where the indices refer to the two graphene 
layers and 7(V) is the transmission coefficient 
through the hBN barrier (25, 26). The resulting 
curve shown in Fig. 3B accounts qualitatively for 
the main features in the measured data, using 
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Fig. 3. Tunneling characteristics for a graphene-hBN device with 6 + 1 layers of hBN as the tunnel 
barrier. (A) /-Vs for different V, (in 10-V steps). Because of finite doping, the minimum tunneling 
conductivity is achieved at V, = 3V. The inset compares the experimental /-V at V, = 5 V (red curve) with 
theory (dark), which takes into account the linear DOS in the two graphene layers and assumes no 
momentum conservation. Further examples of experimental curves and their fitting can be found in (28). 
(B) Zero-bias conductivity as a function of V,. The symbols are experimental data, and the solid curve is 
our modeling. The curve is slightly shifted with respect to zero V, because of remnant chemical doping. 
In all the calculations, we assumed the hole tunneling with m = 0.5 mg and A = 1.5 eV (29, 30) and 
used d as measured by atomic force microscopy. Both / and o are normalized per tunnel area, which 
was typically 10 to 100 um? for the studied devices. Temperature, 240 K. 
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self-consistently the same tunneling parameters 
m and A given above. At V, near zero, corre- 
sponding to tunneling from states near the NP, 
the tunneling DOS in both graphene layers was 
small and nonzero and was the result of residual 
doping, disorder, and temperature effects (/8). 
The application of a gate voltage of either polar- 
ity led to a higher DOS and, therefore, higher 
o'. The gradual increase in o' (Vz) for both po- 
larities in Fig. 3B was therefore caused by the 
increasing DOS. However, V, also affected the 
transmission coefficient. Because of the shift of 
Er with changing V,, the effective barrier height 
A decreased for one sign of charge carriers and 
increased for the other (Fig. 1B), which explains 
the asymmetry in both experimental and calcu- 
lated o (V2) in Fig. 3B in terms of the change in 
T(V.). For our devices, the effect of V, on T(V,) 
was relatively weak (nonexponential) and com- 
parable with the effect caused by changes in 
the tunneling DOS. The sign of the asymmetry 
infers that the hBN barrier height was lower for 
holes than for electrons, which is in agreement 
with the graphene-hBN band structure calcu- 
lations (29). The weaker dependence of J on Vg 
at high bias can also be understood in terms of 
the more gradual increase in the tunneling DOS 
and in Ey at high doping (Yi, = 0.5V correspond 
to ng = 10 cm”). 

Our results and analysis suggest that higher 
ON-OFF ratios could be achieved by using ei- 
ther higher V, or making devices with larger d, 
so that the tunneling depends exponentially on 
bias and is controlled by the barrier height rather 
than the DOS. The former route is limited by the 
electrical breakdown of dielectrics at ~1 V/nm 
(V_ ~ 300V for our SiOz thickness). By extrap- 
olating the analysis shown in Fig. 3B to such 
voltages, we found that ON-OFF ratios >10* 
would be possible for our 4-to-7-layer devices if 
SiO, of highest quality were used. However, it 
would still require unrealistically large V, to en- 
ter the regime where E; becomes comparable 
with A and changes in o1( Vz) are exponentially 
fast. Therefore, we explored the alternative op- 
tion and investigated devices with both thinner 
and thicker hBN barriers. For 1- to 3-hBN lay- 
ers, zero-bias o' increased exponentially with de- 
creasing number of layers, which is consistent 
with quantum tunneling, and we observed a 
weaker influence of V, on J, as expected for the 
more conductive regime. On the other hand, the 
thicker hBN barriers were prone to electrical 
breakdown. Nonetheless, for a few devices with 
d= 6 to 9 nm, we were able to measure a tunnel 
current without breakdown. A current >10 pA 
appeared at biases of several volts and increased 
exponentially with V,. The thicker devices’ -V 
characteristics could be fitted by using the same 
hole-tunneling parameters used above, thus indi- 
cating quantum tunneling rather than an onset of 
electrical breakdown. Unfortunately, no substan- 
tial changes (exceeding 50%) in the tunnel cur- 
rent could be induced by V’,. This insensitivity 
to gate voltage remains to be understood but was 
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probably caused by charge traps that screened 
the influence of the gate. 

An alternative method to achieve an expo- 
nential dependence of the tunneling current on 
gate voltage would be to use a barrier dielectric 
with a smaller A, which would be comparable 
with typical Ey realizable in graphene. One of such 
candidate materials is MoS;, which has a band gap 
of about 1.3 eV and can be obtained in a mono- or 
few-layers state similar to hBN and graphene (2/). 
Our first graphene-MoS,—based devices demon- 
strate ON-OFF ratio close to 10.000 (fig. S5), 
which is sufficient for certain types of logic circuits. 

We conclude that our tunneling devices offer 
a viable route for high-speed graphene-based ana- 
log electronics. The ON-OFF ratios already ex- 
ceed those demonstrated for planar graphene FETs 
at room temperature by a factor of 10 (3-7). The 
transit time for the tunneling electrons through the 
nanometer-thick barriers is expected to be extreme- 
ly fast (a few femtoseconds) (/3—/7) and exceeds 
the electron transit time in submicrometer planar 
FETs. It should also be possible to decrease the lat- 
eral size of the tunneling FETs down to the 10 nm 
scale, a requirement for integrated circuits. Further- 
more, there appears to be no fundamental limitation 


to further enhancement of the ON-OFF ratios by 
optimizing the architecture and by using higher- 
quality gate dielectrics and, in particular, lower tun- 
nel barriers (A < maximum achievable Ef). 
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The Local Structure of 


Amorphous Silicon 


M. M. J. Treacy?* and K. B. Borisenko”? 


It is widely believed that the continuous random network (CRN) model represents the structural 
topology of amorphous silicon. The key evidence is that the model can reproduce well experimental 
reduced density functions (RDFs) obtained by diffraction. By using a combination of electron 
diffraction and fluctuation electron microscopy (FEM) variance data as experimental constraints 
in a structural relaxation procedure, we show that the CRN is not unique in matching the 
experimental RDF. We find that inhomogeneous paracrystalline structures containing local cubic 
ordering at the 10 to 20 angstrom length scale are also fully consistent with the RDF data. 
Crucially, they also matched the FEM variance data, unlike the CRN model. The paracrystalline 
model has implications for understanding phase transformation processes in various materials 


that extend beyond amorphous silicon. 


morphous silicon (a-Si) can be regarded 
A: a classic example of a disordered four- 

coordinated covalent material. Understand- 
ing its structure has implications for understanding 
structures and structure-properties correlations 
not only for similar covalently bonded networks 
but also for a wider range of other amorphous 
materials. In general, having the correct structural 
model of an amorphous state is important in 
order to understand the structural origins of glass 
transitions and associated phenomena. Previous 
studies rely on spatially heterogeneous dynamics 
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using either crystalline (J, 2) or noncrystalline 
(3, 4) inhomogeneities to explain kinetics of glass 
transitions and phenomena of glass-forming ability. 
Such knowledge is essential for a number of 
industrially important materials, such as phase- 
change memory materials for information storage 
(5, 6). Accurate structural models are crucial for 
understanding mechanisms of deformation in me- 
tallic glasses (7). This knowledge is needed to 
ultimately build novel materials with the required 
properties. It is widely believed that the structure 
of a-Si is well represented by the continuous 
random network (CRN) model, which was first 
introduced by Zachariasen as a model for network 
glasses (8). The ideal CRN for a-Si is a fully four- 
coordinated, nonperiodic structure that is meta- 
stable with respect to crystalline silicon and is 
constructed primarily from five-, six- and seven- 
membered rings. Crystalline Si comprises six- 


membered rings only. High-quality CRN models, 
which reproduce the experimental density, have 
been developed by applying bond-swapping 
algorithms (9, /0), in conjunction with framework 
relaxation using appropriate potentials (J/, /2). 
The models generate a reduced density function 
(RDF) that matches the essential features of ex- 
perimental data obtained by high-energy x-ray and 
neutron diffraction (/3), as well as electron 
diffraction (74). In addition, the models broadly 
reproduce features observed in Raman spectra 
(/5), as well as the vibrational density of states 
obtained by neutron diffraction (/2, /6). 

Other models for a-Si have been proposed. 
The paracrystallite model of Hosemann and 
Baggchi (1962) (17) and the microcrystallite 
model of Turnbull and Polk (1972) (/8) are 
generally discredited because they are thought to 
be inconsistent with RDF data. Both models de- 
scribe materials containing small grains of or- 
dered material that are just a few nanometers in 
extent, but in the paracrystallite model there are 
strain gradients throughout the grains. The width 
of the second peak in the RDF suggests a range 
of Si-Si-Si angles that is thought to be incon- 
sistent with either type of crystalline order. How- 
ever, it has been argued that fluctuation electron 
microscopy (FEM) data provide irrefutable evi- 
dence for the presence of substantial topological 
crystallinity in a-Si at the 10 to 20 A length scale 
(19). Although the FEM evidence has been 
reproduced by several groups for various samples 
of a-Si that were amorphized by different meth- 
ods (20-22), the presence of topologically crys- 
talline ordering in a-Si is not widely accepted as it 
appears to contradict carefully conducted RDF 
experiments (/3). It has been asserted that claims 
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Table 1. Selected structural and energetic properties of the four a-Si models. See text for details. 


Model U (eV/Si) R30 Reo% Nc Nz Np 
MC X TD —3.99 0.2 84.6 3.58 611 281 
MC R TD —3.65 6.6 23.1 3.67 111 0 

MC X TDV —3.95 0.3 82.6 3.59 419 94 
MC R TDV —3.73 5.8 61.8 3.74 367 82 


of longer-range order in glasses are unjustified 
because the random models, such as the CRN, ac- 
count for all the observed features (23). We point 
out that although matching diffraction data are a 
necessary criterion for any successful model, alone 
it is not sufficient to identify a unique model. 
There exist topologically distinct homometric struc- 
tures that also match the RDF data. 

Experimentally, a-Si typically has a density 
about | to 2% less than that of the cubic crys- 
talline phase. The area under the first-nearest 
neighbor peak of the RDF, G(r), shows that a-Si 
has a coordination number less than 4, typically 
about 3.8 (/3), which would account for the 
reduced density. Transmission electron micros- 
copy (TEM) evidence shows that voids can occur 
in a-Si (24). Further, an experimentally con- 
strained molecular relaxation (ECMR) study by 
Biswas et al. (25), using both diffraction (RDF) 
and FEM diffraction variance data as constraints, 
was found to support the void model. The impli- 
cation is that a-Si can be described satisfactorily 
by an interrupted CRN model, with no topolog- 
ical order necessary to explain the data. However, 
the topology of the Biswas void model was not 
examined. The voids were introduced artificially, 
and it can be argued that the free void surfaces 
provide nucleation sites for paracrystallinity, which 
would explain the match to the FEM data. 

Here we use a procedure similar to ECMR, 
but with a Tersoff atomic potential applied as an 
additional constraint. We show that refinements, 
made without introducing additional bias, yield 
inhomogeneous models containing topological 
crystallinity at the 10 to 20 A length scale, with 
no voids, that are fully consistent with both the 
RDF and FEM data. 


A serious deficiency of the ideal CRN model 
is that it is inconsistent with the FEM data (/9). 
FEM examines the variability in microdiffraction 
patterns from small volumes of the sample, typ- 
ically with probes of width R = 10 to 20 A. The 
RDF and FEM techniques are complementary; 
the RDF method informs us about the mean 
diffraction, and FEM informs us about the varia- 
bility of that diffraction from subregions of the 
sample. The RDF, being a volume-averaging tech- 
nique, is insensitive to details about sample in- 
homogeneities. FEM microdiffraction simulations 
across CRN models (with 10 to 60 A probes) 
confirm that different regions are qualitatively 
similar, as revealed by the featureless normalized 
variance of the microdiffraction pattern inten- 
sities. The normalized variance is obtained from 
the set of microdiffraction pattern intensities, 
I(r, k, R), via 


T’(rp,k,R)), 
/, (rp Wry 1 (1) 


V(k,R) = —_—__.,* 
Cd (Tp AR), 

rp is the location of the probe of width R (spatial 
resolution), and the angular brackets represent the 
averaging over all probe locations. For probe 
widths R > 10 A, the two-dimensional variance 
pattern V(k, R) computed for typical CRN mod- 
els is essentially flat, confirming that there are no 
special structural periodicities corresponding to a 
scattering vector k. However, experimental FEM 
variance patterns from many different a-Si sam- 
ples always show peaks near the 111, 200, 220, 
and 311 locations of the cubic Si structure. This 
indicates that there is crystalline topology present 
at length scales R = 10 to 20 A. For larger probes, 
R>30A, the variance fades as the probed width 
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exceeds the typical correlation length. A recent 
correlograph study of such patterns (22) confirms 
this interpretation of inhomogeneity in a-Si. 

Large models containing N atoms, and there- 
fore 3N coordinate degrees of freedom, are un- 
derconstrained by electron diffraction data, which 
typically comprise about 400 experimental points 
after radial averaging. This underconstraint creates 
a broad solution space of homometric structures— 
those that will reproduce the diffraction intensity— 
even when models are additionally constrained 
by appropriate potentials for a-Si. The CRN itself 
is not a unique structure; there are many topo- 
logically equivalent arrangements. Thus, the so- 
lution space will be amply populated with similar 
CRN structures. However, CRN models are not 
the only viable structural arrangement consistent 
with diffraction data. The solution space is further 
confined when FEM data are added as con- 
straints. When this is done, we find that CRN 
structures are excluded as solutions. 

We recently applied an experimentally con- 
strained structural relaxation (ECSR) computa- 
tional procedure (26), closely similar to the ECMR 
method of Biswas et al. (27, 28), to search for 
structural solutions for four different types of a-Si 
using electron diffraction data and FEM variance 
data (26). For each structural configuration, the 
ECSR algorithm evaluates a cost function that 
contains three terms: (i) the Tersoff potential, U, 
for the silicon model (29); (ii) the integrated square 
difference of the experimental and computed 
reduced electron diffraction intensities @(A) in 
the range 0 < k < 2.5 A |; and (iii) the integrated 
square difference of the experimental and com- 
puted FEM variance V(k) in the range 0.12 <k< 
1.0 A |. Variance calculations assume a probe size 
(resolution) of 10 A. The x,y,z coordinates of a 
randomly selected atom are adjusted by a small 
random amount, and the cost function is reeval- 
uated. The move is accepted or rejected via the 
Metropolis algorithm (30). The diffraction and 
variance costs were weighted relative to the Tersoff 
potential so that the typical changes in all three 
terms, arising from random atom moves, were ap- 
proximately equal. Details of our experimental and 
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Fig. 2. The 29-atom local cluster for crystalline 
cubic silicon. The central atom (red) has four bonds 
and six possible intervertex angles. There are two 
six-membered rings spanning each intervertex 
angle (yellow and green paths), giving it a vertex 
symbol 6+62+63*62*62*6>. This 9 A diameter 
unit provides a convenient minimal topological 
description for a paracrystalline cluster. In real ma- 
terials, strain may deform it from this idealization 
without altering the bonded topology. Local clusters 
for the CRN will contain some five-membered rings. 


computational methods are described elsewhere 
(26, 31, 32). 

Results for an a-Si sample that was amorph- 
ized by implantation of high-energy Si ions are 
presented here. The experimental RDF, G(r), 
obtained from electron diffraction, is presented in 
Fig. 1A along with the simulated G(r) plots for 
four different ECSR runs. Both crystalline (X) 
and random (R) starting configurations were used. 
For each of these there were two runs: one with 
electron diffraction only as an experimental con- 
straint (i.e., the variance weight was set to zero); 
the second with the experimental variance in- 
cluded. All four runs included the Tersoff po- 
tential. The notable feature of these five plots is 
that they are essentially identical. Yet, the struc- 
tural topology of each model is substantially dif- 
ferent, as revealed by the variance simulations for 
each model (Fig. 1B). For the two simulations 
that were not constrained by the variance (labeled 
“MC X TD” and “MC R TD”), the resulting 
variance plots are markedly different. For the crys- 
talline starting configuration, strong variance peaks 
arise, indicating substantial inhomogeneity per- 
sisting in the final model. For the random starting 
configuration, the variance curve is essentially 
flat, indicating a homogeneous structure. It has a 
high density of three-membered rings, and so is 
appreciably different from an ideal CRN, which 
has mostly five-, six-, and seven-membered rings. 
Neither plot matches the variance data. The two 
plots for the models that were constrained by the 
variance data (labeled “MC X TDV” and “MC R 
TDV”) match the experimental variance perfect- 
ly. Despite the dissimilarity of the starting struc- 
tures, these two models are topologically similar. 
The model properties are summarized in Table 1. 
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Fig. 3. (A to D) The four 1728-atom models, after structural relaxation, viewed as periodic networks. 
The atoms connected by gray bonds represent topologically cubic-Si regions. All four models give 


essentially identical G(r) plots (Fig. 1A). 


Models that started from a crystalline con- 
figuration (X) have the lowest Tersoff energies U 
and retain the highest densities of six-membered 
rings, Re. Conversely, the models that were seeded 
by a random, CRN-like structure have higher 
Tersoff energies, and substantially lower densities 
of six-membered and more three-membered rings, 
R3. The average coordination numbers, Nc, were 
about the same for each model, ~3.6 for the 
crystal-seeded models and ~3.7 for the random- 
seeded models, assuming a maximum bond length 
of 2.7 A. Nc rises to ~3.8 when estimated from 
the area under the first peak of G(r). A crude 
measure of latent crystalline coordination is ob- 
tained by examining the coordination sequences 
for each Si atom in the models. Cubic (and hex- 
agonal) silicon has a coordination sequence that 
begins 1-4-12, out to the second shell. The pa- 
rameter N> reports the number of Si atoms in the 
model that have this sequence. An atom with this 
sequence is not necessarily part of a topologically 
crystalline environment, but if it does not have 
this sequence, then it is clearly not in a topolog- 
ically crystalline environment. A more reliable 
indicator of extensive crystalline topology, 10 A 
and wider, is the atomic vertex symbol, which 
delineates a local cluster (33, 34). This gives the 
size and number of rings at each of the six in- 
tervertex angles of a tetrahedrally coordinated sil- 
icon atom. Both cubic and hexagonal Si have 
vertex symbols 6°63°62°67°62°62, meaning that there 
are two distinct six-membered ring paths through 


each silicon atom and any two of its bonded 
neighbors. In crystalline cubic Si, there are 29 
atoms involved in the local cluster that spans the 
vertex symbol, forming a unit that is ~9 A in 
diameter (Fig. 2). The two models that were started 
as crystals both contain a substantial number of 
paracrystalline Si local clusters. In the table, N, is 
the number of atoms that have the topologically 
cubic vertex symbol. Curiously, the model that 
was not constrained by the variance (“MC X TD”) 
has approximately three times as much topological 
crystallinity as the variance-constrained model 
(“MC X TDV”). 

All four models are equally “diffraction amor- 
phous.” Both the “MC X TDV” (Fig. 3B) and the 
“MC R TDV” (Fig. 3D) models reproduce both 
the experimental G(r) and (4) plots and converge 
to topologically similar structures. Because elec- 
tron selected-area diffraction patterns are averaged 
over large areas, they show rotational homoge- 
neity, whereas microdiffraction patterns show 
considerable spatial inhomogeneity. The inhomo- 
geneous structures shown in Fig. 3, B and D, 
therefore appear to represent the real material bet- 
ter. The structure is not 100% ordered; only about 
10 to 15% of the atoms must be associated with 
the topological ordering to reproduce the variance 
data. The remaining material is not topologically 
crystalline. Annealing reduces the amplitude of 
the variance peaks in this sample by about half, 
which reduces the extent of the paracrystalline 
ordering, but does not eliminate it (26). 
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An important difference between x-ray studies 
and FEM studies is the sample thickness. For 
FEM studies, the film should be less than about 
300 A, whereas in x-ray studies films can be 
substantially thicker, ~10 tm. As is true for all 
electron microscopy studies, structural artifacts 
at the film surfaces may affect results. Careful 
studies of a-Si samples in both plan view and 
cross-section view do not show any difference 
between surfaces and bulk. The thickness de- 
pendence of the variance signal from a-Si has 
been studied carefully, and it does not behave 
as a constant surface artifact (2/7, 35). The FEM 
variance curves for a-Si have been consistent- 
ly reproduced by several groups for a variety 
of a-Si samples prepared by different methods 
(19, 21, 31, 35). 

Amorphous silica, and some types of evapo- 
rated amorphous carbon, do show essentially flat 
variance curves that are consistent with a CRN 
(36, 37). Recent evidence shows that ordered 
regions can persist in pressure- and temperature- 
amorphized silica glasses (38). Although the 
combination of the FEM variance data with the 
RDF data substantially narrows the available 
solution-space, the precise structural configura- 
tion of the inhomogeneity is still not established, 
although it appears most likely to be of para- 
crystalline type. More detailed models will 
require enhancements of the ECSR method as 
well as improved methods for modeling the scat- 
tering decoherence (related to inelastic scattering 
events), which affects the variance more strongly 
than the mean diffraction. Valuable additional 
information would be provided by application of 
variable-resolution FEM and correlograph anal- 
ysis, where angular correlations in scattering are 
studied as a function of the probe size (21, 22, 35). 

Because every a-Si sample studied by FEM to 
date, by several groups, shows distinctive variance 
peaks of the type associated with paracrystallinity, 


we conclude that they are all inhomogeneous at 
the 10 to 20 A length scale, consistent with the 
paracrystallite model of Hosemann and Baggchi 
(17). Notwithstanding the RDF data, these 
samples do not agree with the ideal CRN model, 
which we conclude is a structural idealization 
that is not realized in practical a-Si thin films. Our 
conclusions regarding pervasive, heterogeneous, 
medium-range order in a-Si have implications for 
a wide variety of amorphous materials in general 
that have been studied by diffraction alone. 
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Satellite Estimates of 
Precipitation-Induced Dissipation 


in the Atmosphere 


Olivier Pauluis’ and Juliana Dias” 


A substantial amount of frictional dissipation in the atmosphere occurs in the microphysical shear 
zones surrounding falling precipitation. The dissipation rate is computed here from recently available 
satellite retrieval from the Tropical Rainfall Measurement Missions and is found to average 1.8 watts 
per square meter between 30°S and 30°N. The geographical distribution of the precipitation-induced 
dissipation is closely tied to that of precipitation but also reveals a stronger dissipation rate for 
continental convection than for maritime convection. Because the precipitation-induced dissipation 
is of the same magnitude as the turbulent dissipation of the kinetic energy in the atmosphere, 
changes in the hydrological cycle could potentially have a direct impact on the amount of kinetic 
energy generated and dissipated by the atmospheric circulation. 


round each individual water droplet and 
ice crystal in the atmosphere, there is a 
microphysical flow that acts to slow down 


its fall. As a result, precipitation falls through 
the air at a terminal velocity determined by the 
balance between the gravitational acceleration 


and the aerodynamical drag exerted by the sur- 
rounding air. The effect of the drag is dramatic: 
The typical terminal velocity for a raindrop is 
about a few meters per second, which is two orders 
of magnitude smaller than the free-fall velocity it 
would attain in the absence of any drag force. 
This drag also acts as damping mechanism 
that dissipates kinetic energy within the shear 
zones surrounding each individual hydrometeor 
(/). From a macroscopic perspective, a drag force 
F that acts on two different bodies moving at 
relative velocity v, is associated with a net loss of 
mechanical energy equal to F - v,. For falling 
precipitation, the relative velocity is equal to the 
terminal velocity of the hydrometeors, v;, where- 
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as the drag balances the gravitational acceleration 
on the droplets and is thus equal to pg,g, with p 
the density of the air, ¢, the specific humidity of 
the precipitation, and g the gravitational acceler- 
ation. The total amount of dissipation in an at- 
mospheric column is given by the integral 


Dp =|, spapvrde (1) 


The dissipation rate is thus equal to the rate at 
which precipitation water loses geopotential en- 
ergy because of its downward velocity relative to 
the surrounding air. 

The hydrological cycle has also a substantial 
impact on the maintenance of the atmospheric 
circulation. Because the atmosphere continuous- 
ly exerts mechanical work in order to lift the 
water, which is then dissipated as precipitation 
falls, there is less kinetic energy available to sus- 
tain other atmospheric motions. The atmosphere 
as a whole can be viewed as acting as a heat en- 
gine that generates mechanical energy by trans- 
porting heat from the warm Earth’s surface to the 
colder troposphere (2-7). The total work W gen- 
erated by a heat engine can be written as 


W=nQ (2) 


with Q the thermal energy transported by atmo- 
spheric motions and n the mechanical efficiency. 
This mechanical efficiency of a heat engine is 
always smaller than the efficiency of a compara- 
ble Carnot cycle. For an average surface temper- 
ature of 7;,, ~ 288 K and emission temperature of 
Tout = 255 K, the corresponding Carnot efficiency 
is [(Tin — Toud/(Tin)|, which is roughly equal to 
0.1. For a typical value for atmospheric energy 
transport of Q = 100 W m °, the maximum work 
would thus be on the order of 10 W m *. How- 
ever, because of its active hydrological cycle, the 
Earth’s atmosphere does not behave like an ide- 
alized Carnot cycle. Rather, its mechanical ef- 
ficiency is severely reduced because of the effect 
of diffusion of water vapor (5—7). Although the 
exact value of the mechanical efficiency for the 
atmospheric circulation is unknown, scaling ar- 
guments indicate that the atmospheric circulation 
might be about half as efficient as the corre- 
sponding Carnot cycle, that is, 7 ~ 0.05, so that 
the total mechanical work available to sustain all 
atmospheric motions would be on the order of 
W=5Wm (8, 9). 

Over long time scales, the amount of kinetic 
energy generated by atmospheric motions must 
be balanced by an equal amount of frictional dis- 
sipation, that is, 


W=D,.+Dp (3) 


Here, the dissipation is split between Dp, the 
precipitation-induced dissipation, and D,, the dis- 
sipation of kinetic energy resulting from the tur- 
bulent energy cascade from the relevant scale of 
motion down to the Kolmogorov scale at which 
viscosity can act. Turbulent dissipation has re- 
ceived more attention than the precipitation- 
induced mechanism, and it is usually estimated to 
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be between | and 5 W m ”, primarily on the basis 
of reanalysis data or general circulation models 
(2, 10-12). The precipitation-induced dissipation 
Dp can be computed from the downward flux 
of precipitation water. Estimates based on both 
scaling arguments and numerical modeling (/, 6) 
indicate that the averaged precipitation-induced 
dissipation in the tropics should be between 2 and 
4 W m ~. This indicates that the turbulent kinetic 
energy dissipation and the precipitation-induced 
dissipation are comparable, although the exact 
partitioning is unknown. The primary purpose of 
this paper is to obtain the precipitation-induced 
dissipation from statellite observations. 

The data used in this study were derived from 
Tropical Rainfall Measuring Mission (TRMM) 
precipitation radar (PR) observations by the TRMM 
Science Data Information System, and the spe- 
cific product we used is the 3A25. The 3A25 data 
set is an accumulation of the TRMM PR 2A25 
retrieval algorithm, which uses backscattering ra- 
diation measurements from TRMM PR to obtain 
a vertical reflectivity profile. The precipitation rates 
are then recovered on the basis of the inversion 


technique by (/3). The most unique characteristic 
of the TRMM PR is its capability to observe the 
three-dimensional structure of rain from space. 
Rain rates can be estimated at different heights 
because TRMM PR measures the intensity of 
backscattered energy from hydrometeors within 
fixed vertical layers. Although an improvement 
in the estimation of precipitation rate and latent 
heat release profiles over the globe is expected, 
TRMM PR is the most reliable precipitation data 
currently available on a global scale. We used 3A25 
data to capture both the horizontal and seasonal 
characteristics of the distribution of kinetic ener- 
gy dissipation resulting from precipitation. More 
specifically, the outputs we used include the month- 
ly averaged precipitation rate from 1999 to 2007 
on a grid of 5°-by-5° latitude-longitude, extend- 
ing from 40°S to 40°N. There are six vertical 
levels: near the surface (i.e., the lowest level free 
from ground clutter) and at five fixed heights 
above the ellipsoid (2, 4, 6, 10, and 15 km). 
The total amount of precipitation-related 
dissipation Dp is computed by using Eq. 1. A 
vertical integral is computed at each horizon- 
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tal grid box, which yields an estimate for Dp 
in W m ~. Figure 1 displays the time-averaged 
latitude-longitude plot of the precipitation-averaged 
dissipation Dp. The average dissipation rate around 
the globe and between 30°S to 30°N is Dp = 
1.8 W m ~. The dissipation rate increases to Dp = 
2.5 W m ”, when computing the average only 
between 15°S and 15°N, which is in good agree- 
ment with numerical simulations (/). The mean 
surface precipitation rate in the tropics in the 
TRMM data is 2.5 mm day '. There are a num- 
ber of issues with the satellite retrieval that likely 
lead to underestimation of precipitation rates 
(14, 15). In particular, the study by (16) shows 
evidence of an underestimation of about 25% of 
TRMM PR surface rain rate in comparison to 
rain gauge data from ocean buoys. Although de- 
tailed validations of the vertical structure of the 
rain rate are still lacking, the computed value for 
Dp is likely to underestimate the actual dissipa- 
tion rate. 

The geographical distribution of the dissipa- 
tion is closely tied to the distribution of precipi- 
tation. In the annual mean (Fig. 1A), dissipation 
is large within the Intertropical Convergence Zone 
(ITCZ) over the Eastern Pacific and Atlantic 
Ocean as well as within the warm pool in the 
Western Pacific, where the average dissipation 
rate is Dp = 3.5 W m7”. Above-average dis- 
sipation rates are also observed along the equa- 
torial Indian Ocean, Southeast Asia, Amazon 
Basin, and Central Africa. During the northern 
summer (Fig. 1B), more dissipation occurs at 
about 10°N, over the coast of Africa and Carib- 
bean regions, associated with the African easterly 
waves and tropical cyclones. Similarly, enhanced 
dissipation occurs during the southwestern Asian 
monsoons, where the dissipation rate peaks to 
Dp =~ 10 Wm” in the period of June, July, and 
August (JJA). During the northern winter (Fig. 
1C), enhanced precipitation-induced dissipation 
is found over the Subtropical Convergence Zone 
in both the South Pacific and the South Atlantic 
Oceans. 

Although regions of high dissipation corre- 
spond to regions of high precipitation, the 
amount of dissipation is not simply proportional 
to the precipitation rate at the surface but depends 
on its vertical profile through the entire atmo- 
spheric column. Figure 2 displays the long-term 
mean vertical profile of the precipitation rate av- 
eraged from 40°S to 40°N, as well as the corre- 
sponding profiles over land and oceans. Precipitation 
over oceans (dotted line) is characterized by 
heavy rainfall rate in the lowest 4 km in com- 
parison to over continents (dashed line). To dis- 
entangle the relationship between precipitation 
rate and dissipation, we introduce the precipita- 
tion scale height, Hp, defined as 


Dp 


Hp = 
7 oP out 


(4) 


with Psu the precipitation rate at the surface. 
Figure 3 shows that Hp is larger not only in 
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regions (such as Amazon Basin and Western Pa- 
cific) of enhanced Dp, but it is also larger over 
land, where it averages Hp = 6.9 km, than over 
the ocean, with Hp = 5.1 km. Both numbers fall 
within the range of Hp = 5 to 10 km estimated in 
(J) and are consistent with the fact that convec- 
tive motions tend to be more intense over land 
over the ocean. In addition to the land-sea con- 
trast, other geographic variations of Hp can be 
noted in Fig. 3, including high values over semi- 
arid regions (Australia and Northern Africa) and 
over high-altitude regions (Himalaya and Andes). 
High values of Hp are also found over Southwest 
Mexico and Peru during JJA and over northern 
Africa during December, January, and February 
(DJF), corresponding to the dry season in these 
locations. These high values of Hp are associated 
with intermittent deep convection in an otherwise 
dry atmosphere. In such conditions, a large frac- 
tion of the precipitation reevaporates before reach- 
ing the ground. And although such reevaporating 
precipitation does not contribute to the rainfall at 
the surface, it does increase the amount of fric- 
tional dissipation within the atmospheric column, 
leading to higher value of the precipitation scale 
height in these regions. Conversely, the lowest 
Hp values occur along the eastern coast of South 
America and Africa, in regions characterized by 
shallow convection. 

Our analysis of precipitation profiles from sat- 
ellite measurements confirms that precipitation- 


induced dissipation is a major dissipative mechanism 
in Earth’s atmosphere, with an average dissipa- 
tion rate of 1.8 W m * for the tropical regions for 
the period of 1999 to 2007. Because it has been 
argued (/4, 16) that the TRMM PR instrument 
on which this study is based tends to under- 
estimate the amount of precipitation, the actual 
value of the dissipation is likely to be somewhat 
larger than that reported here. Additional obser- 
vations, either space-bom or ground-based radars, 
could provide additional data to refine this estimate. 
Newly available retrievals from CloudSat Cloud 
Profiling Radar (/7, 18) should make it possible to 
extend the current analysis to include the extra- 
tropics. As Earth warms as a result of increased 
greenhouse gas concentration, both the amount of 
precipitation and the average height at which con- 
densation occurs should increase. Both of these 
changes imply an increase in the precipitation- 
induced dissipation. A better understanding of the 
hydrological cycle and of the dissipation associated 
with it, in particular how these may be affected by 
natural or anthropogenic climate change, would 
provide new insights on how the intensity of the 
atmospheric circulation may vary. 
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Collapse of Classic Maya Civilization 
Related to Modest Reduction 


in Precipitation 


Martin Medina-Elizalde and Eelco J. Rohling* 


The disintegration of the Classic Maya civilization in the Yucatan Peninsula and Central 

America was a complex process that occurred over an approximately 200-year interval and involved 
a catastrophic depopulation of the region. Although it is well established that the civilization 
collapse coincided with widespread episodes of drought, their nature and severity remain 
enigmatic. We present a quantitative analysis that offers a coherent interpretation of four of 

the most detailed paleoclimate records of the event. We conclude that the droughts occurring 
during the disintegration of the Maya civilization represented up to a 40% reduction in 

annual precipitation, probably due to a reduction in summer season tropical storm frequency 


and intensity. 


ver since the discovery of the ancient 
Be: civilization, climate change has been 
invoked as a causal factor to explain its 
collapse centuries before the first arrival of Euro- 


peans on the American continent (/, 2). It has 
since become well established that the disin- 
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tegration of the Classic Maya Civilization was a 
complex process occurring from around 800 to 
1000 A.D. [known as the Terminal Classic Period 
(TCP)] (/—7). Despite evidence suggesting that 
climate change does not fully explain the complex 
geographic and sociopolitical events of the TCP 
(2, 8), paleoclimate records and archaeological 
evidence suggest that the TCP was punctuated by 
a series of drought events (9—-/5) that probably 
triggered significant societal disruptions at this 
time (/6, 17). Unfortunately, paleoclimate records 


have been interpreted largely in qualitative terms, 
and no coherent interpretative framework of these 
records exists. The TCP drought signals suggested 
by paleoclimate records are not far outside the 
amplitude of those preceding this time interval, 
when the Maya civilization flourished. Perhaps the 
magnitude of these droughts was rather modest 
despite the large associated environmental and so- 
cietal disruptions. 

Here we develop the first coherent, quantita- 
tive view of the four best-dated and best-resolved 
paleoclimate records from the Yucatan Peninsula 
(YP) (Figs. 1 and 2). We evaluate YP lake re- 
sponses to perturbations to the seasonal precip- 
itation cycle using a straightforward isotope mass 
balance model, for comparison with environ- 
mental patterns suggested by these records. This 
approach provides a single consistent interpreta- 
tive framework for all records considered and thus 
for a quantitative cross-validation of the environ- 
mental signals. 

The key YP paleoclimate records that we 
consider (Fig. 2) show similar environmental 
patterns over the TCP, which are near to syn- 
chronous within chronological uncertainties. The 
high-resolution U-Th-dated stalagmite (named 
Chaac after the Maya god of rain) &'%O record 
represents variability in the annual mean 5'%O of 
precipitation and reveals a succession of extended 
drought periods interrupted by brief recoveries 
(14) (Fig. 2A). The Lake Chichancanab gastropod 
and Punta Laguna ostracod 8'%O records show 
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Fig. 1. Map of the YP, including the countries of 
México, Belize, and Guatemala. Contours represent 
total annual precipitation isolines (in millimeters per 
year). The locations of the stalagmite Chaac, the town 
of Tecoh (20°45’N, 89°28’'W, 20 m above sea level); 
Lake Chichancanab (19°52’N, 88°46'W); and Lake 
Punta Laguna (20°38'N, 87°37'W, 18 m above sea 


level) are indicated (black circles). 


Fig. 2. YP climate rec- 
ords spanning the past 
1500 years. (A) Stalag- 
mite Chaac 5*°0 record 
of changes in the 5’°O 
composition of rainfall 
(14). VPDB, Vienna Pee 
Dee belemnite standard. 
(B) Lake Chichancanab 
Pyrgophorus coronatus 
8780 record, reflecting 
changes in the evapora- 
tion/precipitation iso- 
tope balance (9). (C) Lake 
Punta Laguna ostracod 
Cytheridella ilosvayi "80 
record, also reflecting this 
isotope balance (20). (D) 
Lake Chichancanab sedi- 
ment density record, reflect- 
ing gypsum precipitation 
and lake drawdown (75). 
In (A) to (D), symbols and 
numbers (1 to 4) repre- 
sent tiepoints used in 
graphic tuning of the lake 
records to the Chaac 8780 
record (18) (Fig. 3) The 
TCP isotopic anomalies do 
not significantly exceed 
those bounding the TCP, 
suggesting modest changes 
in the balance of evap- 
oration and precipitation. 
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isotopes by precipitation and their removal by 
evaporation (9, /0) (Fig. 2, B and C). Last, the 
Lake Chichancanab sediment density record (Fig. 
2D) reflects gypsum supersaturation due to evap- 
orative drawdown and concentration of the lake, 
which even today is at gypsum saturation (/5). 
The Lake Chichancanab gastropod 8'%O record 
lacks resolution relative to all the other records, 
which explains why the brief drought recoveries 
inside the TCP are not visible (/0, 14) (Fig. 2). 
The underlying processes driving the patterns 
and amplitudes of the YP environmental records 
during the TCP are evaluated with an isotope mass 
balance model set up for Lake Chichancanab (/8). 
Our model successfully reproduces: (i) a steady 
modern annual mean lake level, with superimposed 
seasonal variability; (11) mass-balanced isotope 
fluxes; and (iii) an equilibrium lake water 35'°0 of 
3.9 per mil (%o) that agrees with observed 5'°O 
values for Lake Chichancanab (9, 79, 20). Thus, 
our straightforward isotope model offers a realis- 
tic approximation for the assessment of lake sen- 
sitivity to perturbations of the precipitation cycle. 
Modeled lake variability through the TCP needs 
to meet the following conditions indicated by the 
paleoclimate records shown in Fig. 2: (i) signi- 
ficant lake drawdown but not fully desiccated, as 
evidenced by the uninterrupted organic calcite 
sequences; and (ii) a total lake 5'SO amplitude 
fluctuation of ~ +2.5%o. This platform is used to 
evaluate the implication for YP lake mass and 
isotope balance of two different scenarios of 
perturbation of the seasonal precipitation cycle 
and 5'°O of precipitation (6). In these scenarios, 
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precipitation (P) is perturbed by a constant frac- 
tion for every month of the wet season, which we 
take to be the 5 months (June to October) during 
which P today exceeds 100 mm (2/). Every time 
we impose a perturbation of P, we impose pro- 
portional changes in dp, in accordance with the 
amount effect relationship between modern P 
and dp values [5p/AP = —0.0234%o/mm; regres- 
sion coefficient (R”) = 0.80] (/8). 

The first scenario that we test is that the TCP 
droughts reflect a persistent summer season 
shift of the convective activity away from the 
YP (/3). In this scenario, we reduce monthly 
summer precipitation to values where the mean 
summer precipitation becomes equal to the mean 
winter precipitation, which effectively means that 
the area is “locked” in a winter precipitation 
mode. Using the amount effect relationship, 5p is 
then adjusted proportionally. As a result of such 
a perturbation of summer precipitation, Lake 
Chichancanab fully desiccates in 14 years, which 
is within the time span of the two longest TCP 
droughts (/4) (Fig. 2A). This is in conflict with 
evidence of the continuous existence of Lakes 
Chichancanab and Punta Laguna throughout the 
TCP. Furthermore, modeled lake isotope values 
become extremely positive, in excess of 10%o, far 
exceeding recorded isotope anomalies (Fig. 2, B 
and C). Finally, this scenario would imply a mean 
isotope shift of 2.5%o in the Chaac 8'O record as 
opposed to the observed 1%o (Fig. 2A). 

In the second scenario, we use our isotope 
mass balance model to simulate the development 
of Lake Chichancanab as a function of weaker 
perturbations in summer precipitation (Fig. 3). 
We maintain the modern annual rainfall cycle but 
shift the summer precipitation amount and there- 
fore mean summer season 5p so that the annual 
mean 5p changes in accordance to the interannual 
30 precipitation anomalies reflected by Chaac 
(18) (Fig. 3A). Modeled annual mean lake 8'8O 
anomalies that result from these changes in P and 
5p are in close agreement with observations from 
Lake Chichancanab and especially Lake Punta 
Laguna, thus validating the imposed precipitation 
shifts (78) (Fig. 3, B and C). 

Calculated summer precipitation reductions 
associated with the Chaac 8'%O anomalies range 
from 30 to 50%, which equate to annual mean P 
reductions of 25 to 40% (78) (Fig. 3A). Modeled 
Lake Chichancanab water level is reduced by 
30% during the two longest and most severe 
droughts centered at 830 and 928 C.E. (/4) (Fig. 
3C). Given that the lake today is close to gypsum 
saturation already (/5), these water level reduc- 
tions are consistent with supersaturation and pre- 
cipitation of gypsum, in agreement with the Lake 
Chichancanab density record (/5) (Fig. 3C). The 
equal magnitude of all gypsum precipitation 
events during the TCP contrasts with more subtle 
variations in modeled lake depth, although the 
timing of these events is very similar between the 
two records. We thus infer that gypsum precip- 
itation represents a nonlinear threshold response 
to lake level (Fig. 3D). 


We find that available paleoclimate records 
support a coherent and consistent interpretation 
of considerable reductions in precipitation during 
the TCP, but not as severe as would be implied 
by previously proposed mechanisms (/3). If these 
repeated episodes of drier climate had a signifi- 
cant role in the fate of the Classic Maya civil- 
ization, as suggested by archaeological evidence 
(16, 17), then this would imply that the ecological 
carrying capacity of the YP is highly sensitive to 
precipitation reductions. Indeed, such sensitivity 
to relatively minor changes in precipitation would 
agree with observations that variations in inter- 
annual precipitation today, mainly associated with 
the frequencies of tropical storms and depressions, 
significantly affect the groundwater table in the 
YP (20). Our estimated TCP rainfall reductions 
are within the range of rainfall deficits over the 
YP as projected by climate models for the end of 
this century (22, 23). 

Finally, we note that the TCP drought epi- 
sodes are predominantly characterized by the ab- 
sence of light (summer) isotope values (/4). Today, 
the lightest isotope excursions are associated with 
the large precipitation fluxes of tropical storms 
and hurricanes (20, 24, 25), and the region de- 
pends on tropical depressions, storms, and hurri- 
canes to maintain a positive net water balance 


Fig. 3. (A) TCP annual pre- 


Pate 800 840 
cipitation percent changes, 


+ + 


and avoid desiccation (24, 26, 27). We suggest, 
therefore, that the droughts associated with the 
disintegration of the Maya civilization may have 
been triggered by a reduced frequency and intensity 
of cyclones over the YP. The inferred P reduc- 
tions during the TCP are within the range asso- 
ciated with one to three tropical storms (26, 28, 29). 
Our interpretation of the TCP droughts may be 
validated by future research focused on detailed 
dating of storm deposits around the Yucatan and/ 
or monthly resolved paleotempest records [such 
as those from speleothems (25)]. 

The modest reductions in precipitation asso- 
ciated with the end of the Classic Maya civil- 
ization highlight the critical sensitivity of the 
ecological carrying capacity of the YP to even 
small shifts in the region’s hydrological budget, 
such as those projected for the near future (22, 23). 
This study shows that it is possible to reconstruct 
the geographical pattern of precipitation evolu- 
tion in México and Central America by increas- 
ing the coverage of stalagmite and lake records. 
Given the now apparent temporal complexity in 
the record of precipitation change (/4) (Fig. 3A), 
we expect spatial complexities also. 

This study advances the debate from one cen- 
tered around qualitative interpretations of intense 
droughts to one around quantitative estimations 


Year (A.D.) 
880 920 960 


L 
oO 
+—- 


reflecting Chaac 8180 
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level (black) and Lake 
Chichancanab sediment den- 
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bols), reflecting gypsum 
precipitation and lake draw- 
down. The lake paleoclimate 
records were graphically 
tuned to the stalagmite 
Chaac 8780 record (18). 
Tuning tiepoints are shown 
in Fig. 2. 
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that support the scenario of drought of subtle var- 
iability with high impact. In addition, the data 
and modeling support an interpretation of decreased 
rainfall during the summer, associated with a re- 
duction in the severity and frequency of tropical 
storms. This study suggests that there is substan- 
tial potential for establishing a relationship be- 
tween the actual climatic variability over the region 
and the spatially complex historical events (30) 
that shaped the demise of the Maya civilization. 
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Evolution of the Earliest Horses 
Driven by Climate Change in the 
Paleocene-Eocene Thermal Maximum 


Ross Secord,"** Jonathan I. Bloch,” Stephen G. B. Chester,? Doug M. Boyer,* Aaron R. Wood,” 
Scott L. Wing,° Mary J. Kraus,” Francesca A. McInerney,® John Krigbaum? 


Body size plays a critical role in mammalian ecology and physiology. Previous research has shown 
that many mammals became smaller during the Paleocene-Eocene Thermal Maximum (PETM), 
but the timing and magnitude of that change relative to climate change have been unclear. A 
high-resolution record of continental climate and equid body size change shows a directional size 
decrease of ~30% over the first ~130,000 years of the PETM, followed by a ~76% increase in 
the recovery phase of the PETM. These size changes are negatively correlated with temperature 
inferred from oxygen isotopes in mammal teeth and were probably driven by shifts in temperature 
and possibly high atmospheric CO, concentrations. These findings could be important for 
understanding mammalian evolutionary responses to future global warming. 


nterest in how organisms respond to climate 

change has intensified in recent years with 

projected warming of ~2° to 4°C over the next 
century (/). Although models can be developed 
to predict evolutionary responses to warming of 
this magnitude, empirical examples must be drawn 
from fossil or historical records. Here we report 
a dramatic example of shifts in body size in the 
earliest known horses (family Equidae) during the 
Paleocene-Eocene Thermal Maximum (PETM) 
(~56 million years ago). The PETM is recognized 
in marine and continental records by an abrupt 
negative carbon isotope excursion (CIE) that lasted 
~175 thousand years (ky), caused by the release 


of thousands of gigatons of carbon to the ocean- 
atmosphere system (2, 3). Some marine records 
suggest that although 5'°C values shifted rapid- 
ly at the onset of the CIE in 21 ky or less (2), 
temperature increase was slower, peaking 60 ky 
or more into the CIE (4) at ~5° to 10°C above 
pre-ClE levels (5, 6). We use oxygen isotope 
values in mammal teeth as a proxy for local 
temperature change in the continental interior of 
North America, and we show that equid body size 
during the PETM was negatively correlated with 
temperature. 

In extant mammals and birds (endotherms), 
closely related species or populations within a 


species are generally smaller-bodied at lower lat- 
itudes, where ambient temperature is greater (7). 
This relationship, known as Bergmann’s rule, is 
followed by ~65 to 75% of studied extant mam- 
mals (8, 9). The cause of Bergmann’s rule is 
usually attributed to thermoregulation and the 
optimization of body size (/0) and/or the availa- 
bility of food resources related to primary pro- 
ductivity (//). Bergmann’s rule predicts that 
average mammalian body size should decrease 
with warming climate, and smaller size in endo- 
therms has even been suggested as a third “uni- 
versal” response to warming, along with changes 
in phenology and species distribution (/0). De- 
clining body size has been attributed to warming 
over decadal and millennial scales in some living 
endotherms (/2, /3), but many counterexamples 
also exist (/0). Furthermore, it is difficult to dis- 
tinguish natural selection (genetic change) from 
ecophenotypic plasticity (morphological response 
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not genetically fixed) over such short time scales. 
The size change documented here was, however, 
sustained over thousands of generations, strongly 
suggesting that natural selection was the cause. 

Previous studies lacked the stratigraphic reso- 
lution to recognize patterns in body size change 
within the PETM but demonstrated gross changes 
in size in several mammal lineages, based on first 
molar tooth area (/4, 75). Size changes occurred 
in herbivorous ungulates (Perissodactyla, Artio- 
dactyla, Condylarthra, and Tillodontia), Primates, 
and faunivores and omnivores (Creodonta, Car- 
nivoramorpha, and Palaeanodonta), affecting both 
immigrant and endemic taxa (Fig. 1). These changes 
conform well to Bergmann’s rule in terms of the 
expected direction of size change. Quantifying 
published results, size reduction occurred in 10 
Paleocene genera that ranged into the PETM, 
representing 38% of the range-through genera. 
This was followed by post-PETM size increases 
in eight of these genera, indicating that body size 
response was strongly taxon-specific (Fig. 1 and 
table S7). Post-PETM size increases also occurred 
in an additional eight genera, seven of which 
first appeared in the PETM (Fig. 1). Together 
these 16 genera represent a size increase in 40% 
of PETM genera that ranged into post-PETM 
biozone Wa-1 (Fig. 2). 

Sifrhippus [formerly Hyracotherium (16)] first 
appeared in North America and Europe during the 
PETM. Because of the lack of a plausible ances- 
tor on these continents, it is widely thought to be 
an immigrant that crossed high-latitude dispersal 
routes opened by PETM warming (/7). We use 
Sifrhippus to document mammalian body size 
change within the PETM. Sifrhippus is the most 
abundantly represented genus in new collec- 
tions from the Cabin Fork area (~10 km?) of the 
southern Bighorn Basin, Wyoming, and the only 
one for which detailed stratigraphic and quan- 
titative morphological data are available. We also 
isotopically sampled Sifrhippus, Coryphodon 
(Pantodonta; large archaic herbivorous ungu- 
lates), and Ectocion and Copecion (phenacodontid 
condylarths; herbivorous ungulates of uncertain 
affinities). The PETM at Cabin Fork is repre- 
sented by a ~35-m-thick sequence of fluvial 
mudstones, floodplain soils (paleosols), and flu- 
vial sandstones. We constructed an age model that 
assumes varying rates of sediment accumulation: 
Avulsion deposits (mudstones and thin sandstones) 
represent fast rates, and paleosols represent much 
slower rates [see the supporting online material 
(SOM)]. Local sections were correlated to a com- 
posite section (Fig. 2) using marker beds traced 
with a differential Global Positioning System 
unit (SOM). 

The CIE at Cabin Fork is recorded in the car- 
bonate component of mammalian tooth enamel 
(8°C,) (Fig. 2, A and B) and in bulk organics 
and leaf wax n-alkanes (6, 18). 5'°Cp in mam- 
malian herbivores reflects the 8'7C value of the 
vegetation they consume, with predictable enrich- 
ment (/9). Plants in turn track the 5'°C value of 
atmospheric CO , with influences from environ- 
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Arctodontomys (Primates, 0.10 kg) 
Prolimnocyon (Creodonta, 0.25 kg) 
Prototomus (Creodonta, 0.30 kg) 


Uintacyon (Carnivoramorpha, 0.54 kg) 


Faunivores / 
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Palaenodon (Palaeanodonta, 0.62 kg) 
Arfia (Creodonta, 0.67 kg) 

Chriacus (Condylarthra, 0.68 kg) 
Thryptacodon(Condylarthra, 1.23 kg) 
Vassacyon (Carnivoramorpha, 1.69 kg) 
Palaeonictis (Creodonta, 10.81 kg) 


Haplomylus (Condylarthra, 0.11 kg) 
Hyopsodus (Condylarthra, 0.68 kg) 
Cantius (Primates, 0.75 kg) 
Diacodexis (Artiodactyla, 0.84 kg) 
Ectocion (Condylarthra, 3.65 kg) 
Copecion (Condylarthra, 3.96 kg) 
Sifrhippus (Perissodactyla, 4.65 kg) 
Azygonyx (Tillodontia, 18.53 kg) 


Fig. 1. Summary of percent mean body size change in genera that exhibit change from the latest Paleocene 
to the PETM (left), and from the PETM to the post-PETM (right). No genus exhibits a size increase in the PETM 
or a decrease after the PETM. Compiled from published sources, except for Sifrhippus from this study. Asterisks 
indicate genera that first appear in the PETM. See table $7 for a summary of all PETM taxa and sources. 


mental factors such as humidity and vegetation 
density (20, 27). At Cabin Fork, phenacodontids 
(Ectocion and Copecion) record a negative shift 
of ~4.6 per mil (%o) in 8'°Cy at the onset of the 
CIE (Fig. 2A). This is consistent with estimates of 
atmospheric change of ~4.6%o during the PETM 
from a leaf discrimination model (20) and ~4.0%o 
from modeling of marine carbonate dissolution 
(2), indicating that phenacodontid 8'*Cg is pri- 
marily tracking atmospheric &'°C values, rather 
than environmental change. 

Sifrhippus sandrae first appears at Cabin Fork 
near the base of the lowest intermittent red bed 
(LIRB) at 14.5 m (Fig. 2). The onset of the CIE in 
most mammal teeth also begins at the base of 
the LIRB (Fig. 2, A and B) but is recorded slight- 
ly lower (13.75 m) in dispersed bulk organics. 
The oldest specimens of S. sandrae had an av- 
erage body size of ~5.6 kg, based on first lower 
molar area (SOM). Body size in S. sandrae pro- 
gressively decreased from its first appearance 
at 14.5 m to the 41-m level, with a total reduction 
of ~30% over ~130 ky (P< 0.001) (Fig. 2D and 
SOM). Individuals at 41 m had an average body 
weight of ~3.9 kg and are among the smallest 
known horses. The dwarfing of S. sandrae was 
followed by a ~76% increase in body size during 
the recovery phase of the CIE, to an average size 
of ~7.0 kg (Fig. 2D). 

The mode of evolution (random, static, or di- 
rectional) for Sifrhippus body size change was 
determined using a moving window log rate in- 
terval (mwLRI) analysis, which is a modification 
of the standard LRI analysis (22) (SOM). Both 
methods assume that rates of change in a time 
series variable are inversely proportional to the 
interval of time over which rates are measured, 
because of the occurrence of small reversals in 
the variable. The relationship between rates of 
change and the lengths of intervals over which 
they are observed is used to determine evolu- 
tionary mode (22). Our mwLRI results indicate 


with 95% confidence that Sifrhippus body size 
directionally decreased from its first appearance 
to the 41-m level, after which stratigraphic reso- 
lution and sample sizes are insufficient to distin- 
guish between directional and random evolutionary 
change. Thus, Sifrhippus experienced sustained 
selection for diminutive body size for ~130 ky. 
To test whether body size change in Sifrhippus 
is significantly correlated with temperature, as 
predicted by Bergmann’s rule, we used 5'%O 
values in Coryphodon enamel (5'8O,) as a proxy 
for change in mean annual temperature (MAT). 
Coryphodon was a large water-dependent or semi- 
aquatic mammal (2/, 23). Studies of ecologi- 
cally similar living mammals have shown that 
their 5'8O, faithfully records the 8'8O of surface 
water (24, 25), which in turn is strongly correlated 
with air temperature at mid- to high latitudes (26). 
Sifrhippus first lower molar area is negatively cor- 
related with Coryphodon 5'*O, values (P< 0.05, 
SOM), suggesting that Sifrhippus body size de- 
creased as ambient air temperature increased. 
Greater aridity in the PETM could also have 
contributed to diminished body size by lowering 
primary productivity. Both floras and paleosols in 
the Bighorn Basin suggest increased aridity dur- 
ing at least parts of the PETM (6, 20, 27). To test 
this, we used two aridity proxies. The first is based 
on the difference between mean 8!°O, values in 
aridity-sensitive and aridity-insensitive mammals 
(24). Coryphodon should be aridity-insensitive be- 
cause of its probable water dependence (2/, 23), 
whereas Sifrhippus is the taxon most likely to be 
aridity-sensitive, because it has the highest av- 
erage mammalian 5'*O; value, suggesting that it 
consumed leaves in open areas where leaf water 
was evaporatively '’O-enriched. Increased aridity 
should result in higher Sifrhippus 5'°O, values 
and greater separation between it and Coryphodon 
5'8O, (Fig. 3A). Our second aridity proxy es- 
timates mean annual precipitation (MAP) based 
on paleosol major oxides (Fig. 3C and SOM). 
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Fig. 2. Comparison of PETM Cabin Fork records. (A) From left to right, 
epochs, mammalian biozones, formations, meter levels, marker beds, and 
83, values for three common mammal genera. vPDB, Vienna Pee Dee 
belemnite standard. (B and C) 8"°C; and 8"80; values for Coryphodon. vSMOW, 
Vienna standard mean ocean water standard. (D) Log-transformed mea- 
surements of first lower molar area (length x width) for Sifrhippus. 


Fig. 3. Aridity and pre- 
cipitation proxies. (A) Com- 
parison of mean 5/80, 
values for aridity-insensitive 
Coryphodon (brown dia- 
monds) and aridity-sensitive 
Sifrhippus (gold squares). 
Data are in 5-m bins. Brown 
circles are singletons of 
Coryphodon. (B) Aridity 
proxy curve based on (A), 
showing mean differences 
between Sifrhippus and 
Coryphodon &"80;. Greater a 
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mean, offset in (A) by 1 m to avoid overlap. (C) MAP proxy based on paleosol major oxides from a nearby 


correlative section (HW16 section, SOM). 


Both proxies suggest drier conditions at the be- 
ginning of the CIE, followed by wetter condi- 
tions starting at ~20 m (~68 ky into the PETM), 
with a return to drier conditions by ~38 m (~108 ky 
into the PETM). Overall, there is poor agreement 
between Sifrhippus body size change and the 
aridity proxies. Both proxies indicate a shift to 
wetter conditions while body size in Sifrhippus 
is decreasing, which is counter to expectations 
if the primary cause of dwarfing was lowered 
productivity caused by increased aridity. 

Our results are consistent with mammalian 
dwarfing driven by warming, but temperature 
alone may be an insufficient explanation. Al- 
though body mass in living mammals is highly 
correlated with MAT in the Nearctic [coefficient 
of determination (R?) = —0.75], this relationship 
weakens above ~11°C and reverses at higher 
temperatures in the Neotropics (9). MAT was well 
above ~11°C in the latest Paleocene and PETM of 


the Bighorn Basin (6). Furthermore, ~25 to 35% 
of living mammals deviate from Bergmann’s rule 
(8, 9), and it is likely that at least some mammal 
lineages would have gotten larger during the 
PETM if MAT were the only controlling factor. 
Another possible cause for body size decrease 
in the PETM is elevated atmospheric partial pres- 
sure of CO, (Pco.) (28), which might covary with 
temperature. In many extant plants, elevated CO, 
increases biomass but reduces nitrogen and pro- 
tein content in leaves and can elevate phenol lev- 
els, yielding cellulose-rich vegetation that is less 
nutritious and harder for herbivores to digest (29). 
Ultimately, this should result in slower growth 
and reproductive rates in herbivorous mammals 
(30), conceivably resulting in selection for smaller 
body size. Although this mechanism could have 
reduced body size in herbivores, size also de- 
creased among PETM carnivores (Fig. 1), which 
must be explained by an indirect response, such 
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as selection for smaller predators because of small- 
er prey (3/). Recent modeling of rates of carbon 
release during the PETM shows the largest in- 
crease in PCO at the onset of the CIE, followed 
by lower concentrations later in the event (2). 
This is inconsistent with a Pco-driven decrease 
in body size, because Sifrhippus was smallest 
near the end of the main phase of the PETM. 
Although elevated Pco, could have been a con- 
tributing factor, our results favor temperature as 
the primary driver of dwarfing in Sifrhippus. 
PETM warming was similar in magnitude 
to that predicted by some global models over the 
next century (/) but occurred at a much slower 
rate and began from a warmer late Paleocene 
baseline. Nevertheless, some generalizations ap- 
plicable to future warming may still be relevant. 
Diminished body size in some mammal species, 
along with changes in ecology and physiology, 
might be expected in response to warming. The 
pattern of dwarfing seen in the PETM mirrors 
recent reductions in body size in endotherms that 
have been attributed to anthropogenic warming 
(10, 12). Although the rate of present warming 
is much faster than during the PETM, and mam- 
mals may not respond in exactly the same manner, 
the dramatic response to warming observed in 
PETM equids provides a measure of possible re- 
sponses to future warming in modern mammals. 
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One-Time Transfers of Cash or Capital 
Have Long-Lasting Effects on 
Microenterprises in Sri Lanka 


Suresh de Mel, David McKenzie,2* Christopher Woodruff? 


Standard economic theory suggests that one-time business grants can have at most temporary effects, 
and accordingly, policies to increase incomes of the self-employed in developing countries typically 
rely on sustained engagement. In contrast, we found long-lasting impacts from one-time grants given 
in a randomized experiment to subsistence firms. Five years after we gave $100 or $200 to 115 of 197 
male and 100 of 190 female Sri Lankan microenterprise owners, we found 10-percentage-point-higher 


enterprise survival rates, and $8-to-$12-per-month-higher profits for male-owned businesses that 
received the grants. Female-owned businesses showed no long-term (or short-term) impacts. Our 
follow-up investigation interviewed 94% of the original sample and collected survivorship data 
from the remaining 6%, demonstrating that tracking long-term outcomes is both feasible and 
worthwhile. The results suggest that one-off grants may have lasting impacts on some types of 
subsistence firms, challenging the view that sustained engagement is always required. 


elf-employment is one of the major sources 

of income for the urban poor across the 

world, with between 47 and 69% of poor 
(per capita income less than $2 per day) house- 
holds in urban areas in Indonesia, Pakistan, Peru, 
and Nicaragua running a business (/), most often 
without paid employees. Typical policies to im- 
prove the incomes of these households and their 
businesses are based on sustained provision of 
services. Three such programs are (1) microfinance, 
which is often based on the expectation of a succes- 
sion of loans, and in many cases regular follow-up 
meetings with clients in groups (2-4); (ii) condi- 
tional cash transfer programs, which typically give 
households regular transfers over a period of years 
(5, 6); and (iii) business training programs, which 
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are based on the idea that capital alone is not 
enough—as in the ancient proverb “give a man a 
fish and he eats for a day, teach a man to fish and 
he can feed himself for life’ —with some evidence 
suggesting that training works best when accom- 
panied by one-on-one follow-up visits (7). 
But can just giving a fish feed a man for life? 
That is, does the much simpler policy of giving a 


one-time grant to small business owners have any 
long-term effect? Traditional economic models 
of firm investment such as the Ramsey model 
predict that there is an efficient size for a busi- 
ness, conditional on the owner’s ability level. Any 
shock to capital in this model will have only 
temporary effects, and the firm will quickly re- 
turn to the steady state. In such a model, an extra 
infusion of capital in the business can speed up 
convergence to this steady-state efficient size but 
cannot have any long-term effect (8). 

In contrast, a one-off infusion of capital can 
have a permanent impact on business invest- 
ment if there are poverty traps or under-investment 
caused by production nonconvexities (in which 
the only profitable investments are lumpy ones, 
such as buying a large machine, and where it may 
be not be possible to operate a business if capital 
falls below some threshold level) (9); if there are 
self-control problems and time-inconsistent pref- 
erences (for example, in which today an individ- 
ual prefers that tomorrow he or she reinvests 
profits in the business, but when tomorrow comes 
prefers to spend the money) (8, /0); or if there 
are intra-household inefficiencies (for example, 
owners may underinvest when they expect pro- 
ceeds to be taken by a spouse or other family 
members) (8, //). Knowing whether the tradi- 
tional models or these alternatives best describe 


Table 1. Impact of the grants on business survival rates and reporting profits. Data are ordinary 
least squares results of the impact of the grant on (i) whether the business was closed in 2010, as 
measured in the June 2010 and December 2010 survey rounds and by observation and proxy 
reports for firms not interviewed, and (ii) whether it reports profits in either survey round. 
Robustness to excluding proxy reporting is shown in table S2. Sample size is 197 for male-owned 
firms and 190 for female-owned firms. Huber-White SE are shown in parentheses. *, **, and *** 
denote impact is significantly different from zero at the 10, 5, and 1% levels, respectively. 


Males Females 
Closed Reports profits Closed Reports profits 
Treatment amount (in 10,000s of LKR) —0.109*** 0.0876** 0.0252 —0.0176 
(0.0401) (0.0378) (0.0558) (0.0546) 
Control group mean 0.29 0.77 0.26 0.77 
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the world is crucial for designing policies to 
help poor entrepreneurs as well as for charitable 
giving decisions. However, to date there is no 
long-term evidence on the effect of one-time 
injections of capital into these small businesses. 

Does it matter whether the “fish” is given to a 
man or a woman? Microfinance has traditionally 
focused on women, with the belief that their busi- 
nesses are smaller and more credit-constrained 
and thus in more need of access to capital (/2). 
For example, 96% of the clients of the Grameen 
Bank, which is probably the most famous mi- 
crofinance organization, are female. Grameen’s 
founder, Nobel laureate Muhammad Yunus, has 
famously argued that capital, not skills, is the con- 


straint on these businesses, stating that “giving 
the poor access to credit allows them to imme- 
diately put into practice the skills they already 
know” (/3). Yet in many societies, women face 
social constraints and additional demands on their 
time from household responsibilities. These may 
limit the types of business they operate, and thus 
the ability of capital alone to generate expansion 
of their subsistence-level enterprises. 

In April 2005, we began a randomized ex- 
periment among 408 microenterprises with no 
paid employees in urban Sri Lanka, in which 
grants of 10,000 or 20,000 Sri Lankan Rupees 
(LKR) (approximately US$100 to $200 at the 
time) were given to just over half of these firms. 


REPORTS 


Half of those grants were given as cash, the other 
half as in-kind purchases of equipment or ma- 
terials for their business. In the short term (within 
2.5 years of receiving the grants), we have found 
that these grants led to relatively large increases 
in business profits for male owners but no change 
in business profits for female business owners 
(11, 14). Here, we report on the results of re- 
interviewing the same firms in June and Decem- 
ber 2010, between 4.5 and 5.5 years after the 
one-time grants were given, enabling measure- 
ment of the long-run impacts on business sur- 
vival and profitability. 

This Report’s main contribution is in pro- 
viding evidence that one-off grants can have 
longer-term effects on microenterprises. One 


10000 - critique of randomized experiments in develop- 
r] ment economics is that they tend to focus only 
r 9000 - 2 al on short-term impacts (/5, 16). There are a few 
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Fig. 1. Mean monthly real profits by survey round for treatment and control firms by gender. Data are 
from the 13 rounds of the Sri Lanka Microenterprise Survey. Intervention window shows the time period 
during which the one-time grants were given. The data for males are also shown in fig. $3, with pointwise 


95% confidence intervals. 


Our baseline sample was obtained via a door- 
to-door screening survey of households in se- 
lected administrative units of urban areas in the 
Kalutara, Galle, and Matara districts of Sri Lanka. 
The target population was microenterprise owners 
aged 20 to 65 who worked at least 30 hours per 


Table 2. Test of equality of treatment and control means in sample of 
firms that survive to report profits in 2010. Columns show means of base- 
line or time-invariant variables by treatment status for the 161 male-owned 
firms and 151 female-owned firms surviving to report profits in either or 


both the June 2010 and December 2010 survey rounds. P values are from 
t tests of equality of means. An F test of joint orthogonality of these char- 
acteristics to treatment status has a P value of 0.410 for males and 0.211 
for females. 


Males Females 
Control Treatment P value Control Treatment P value 
Business characteristics 
Age of business (years) 10.37 12.54 0.240 9.25 11.22 0.232 
Real profits in month of March 2005 (LKR) 4748 4919 0.778 2883 2669 0.578 
Real revenue in month of March 2005 (LKR) 16098 14554 0.583 8818 7455 0.453 
Total invested capital stock excluding land and buildings March 2005 (LKR) 32231 30290 0.649 21038 21278 0.951 
Firm is in trade sector 0.51 0.50 0.922 0.43 0.44 0.958 
Hours in the business worked by the owner in March 2005 59.27 55.70 0.282 51.84 44.73 0.065 
Owner characteristics 
Age of owner 44.06 42.05 0.280 39.65 42.77 0.073 
Years of education of owner 7.97 8.89 0.059 10.03 9.04 0.050 
Number of digits recalled in digit-span recall test 5.91 5.97 0.778 5.73 5.71 0.915 
Household asset index 0.18 0.07 0.656 0.77 0.33 0.053 
Implied coefficient of relative risk aversion from lottery game 0.27 0.49 0.421 —0.29 —0.09 0.363 
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week in their business, had no paid employees, 
and had less than 100,000 LKR (~US$1000) in 
capital, excluding land and buildings. These 
criteria were intended to restrict our focus to the 
types of subsistence microenterprises that are 
most prevalent among the poor in developing 
countries (22). The baseline interviews were carried 
out in April 2005. 

The resulting sample consists of 408 micro- 
enterprises, of which 197 are male-owned, 190 
female-owned, and the remaining 21 jointly run 
by husband and wife. We dropped the last group 
given its small size and the important differences 
in effects by gender, but show in table S1 pooled 
results that include these jointly owned firms. 
The sample then contains a diverse group of the 
types of subsistence businesses typical in urban 
areas in most developing countries: small grocery 
stores, bicycle repairmen, food preparation (such 
as string hoppers and lunch packets), sewing 
clothing, and small-scale manufacture. 

At baseline, in April 2005 the average male- 
owned firm had monthly profits of 4,700 LKR 
and a median capital stock, excluding land and 
buildings of 25,000 LKR, and the average female- 
owned firm had monthly profits of 2,800 LKR 
and a median capital stock, excluding land and 
buildings of 10,000 LKR. At an exchange rate of 
US$1 = 100 LKR, monthly profits were thus in 
the range of $1 to $2 per day for many firms. The 
median owner was in his or her early 40s, had been 
running the firm for 5 to 7 years, with male owners 
having a median of 9 years and female owners a 
median of 11 years schooling. Differences between 


Table 3. Short- and Long-run impacts of grants on business profits. Data are 
from the 13 survey rounds of the Sri Lanka Microenterprise Survey, from April 
2005 through December 2010, and are for 197 male-owned and 190 female- 
owned firms. The unbalanced panel is used so that firms do not appear in 
survey waves in which they do not report profits. Truncated profits truncates 
(caps) profits at the 99th percentile, reducing the influence of outliers. Log 


male and female owners in the types of businesses 
they run and background of the owners are dis- 
cussed in supporting online material (SOM) text 3. 

In June 2010, we re-surveyed 348 of the 
387 baseline firms (90%). In a second long-term 
follow-up round in December 2010, we surveyed 
356 firms (92%). Only 24 of the 387 (6.2%) male- 
or female-owned firms could not be contacted in 
either survey because of being deceased (two peo- 
ple), migrating abroad (six people), migrating inter- 
nally outside of the study areas (seven people), 
refusals (three people), or being unable to be found 
(six people). This high follow-up survey rate shows 
the possibility of doing long-term follow-ups with 
low attrition. Through physical observation and 
discussions with neighbors, we were able to verify 
whether the business had closed or not by the end 
of 2010, even for those firm owners not interviewed. 

We began by testing whether the one-time 
grants affected the likelihood of a firm surviving 
until the last round of our survey, and the related 
question of whether the grants affected the pro- 
portion of the original firms who reported profits 
in either of the 2010 round of surveys (which re- 
quires both the firms not to have closed and the 
owners not to have refused to answer this ques- 
tion). Profits were collected for existing firms, 
and owners of firms that had closed were asked 
for details of their profits before closure and any 
current wage income. More detail on the mea- 
surement of these quantities and the estimation 
methodology are in the SOM text 4. 

In addition to knowing whether the grants 
affected survival, we wished to know whether 


respectively. 


they affected the long-run profitability of the firm. 
Mean monthly real profits by survey round, treat- 
ment and control group status, and gender are 
plotted in Fig. 1. Two patterns emerge. First, after 
the intervention the male treatment group always 
had higher mean profits than those of the male 
control group, with the gap between the two not 
noticeably growing or shrinking systematically 
over time. Second, there was no such systematic 
pattern for females, with treatment and control 
groups typically having similar profits. The meth- 
odology used to test whether these differences 
are significant is presented in SOM text 4. 

We examined whether one-off grants have 
long-term effects by testing three hypotheses: 

Hypothesis 1 was, “One-time grants have 
no long-term effect on firm survival.” If a one- 
time grant merely speeds convergence to a 
firm’s optimal steady-state size as predicted by 
neoclassical theory, any effect should be tempo- 
rary, and we should see no effect on firm sur- 
vival. Results testing this hypothesis are shown 
in Table 1. We rejected the hypothesis for males: 
A one-time grant of approximately $100 lowered 
the likelihood of closure over the 5.75-year time 
period by 10.9 percentage points and, as a result, 
increased the likelihood the firm survived to re- 
port profits in the 2010 surveys by 8.8 percentage 
points. Given that 29% of the control firms close 
down over this time period, these are sizeable 
impacts, but as discussed in the SOM, they are 
plausible given the size of the grants and the es- 
timated monthly return on the grants. In contrast, 
we cannot reject this hypothesis for females. 


real profits uses log of profits instead of levels as the dependent variable. 
Total labor income is the sum of truncated profits and wage earnings. All 
regressions include firm fixed effects and survey wave dummies. Huber-White 
SEs are shown in parentheses, clustered at the firm level. *, **, and *** denote 
impact is significantly different from zero at the 10, 5, and 1% levels, 


Males Females 
Monthly Truncated real Log Total labor Monthly Truncated Log Total 
real profits (LKR) profits (LKR) real profits income (LKR) real profits (LKR) real profits (LKR) real profits labor income (LKR) 

Amount x 648.2** 685.3** 0.142*** 199. 0°** 94.79 107.0 0.0500 66.18 
first year (285.6) (272.5) (0.0486) (278.9) (265.1) (249.1) (0.0639) (254.0) 
since grant 

Amount x 625.3 576.4 0.0927 768.3* 206.5 54.30 0.0288 27.90 
second year (406.4) (384.3) (0.0563) (391.6) (450.3) (371.8) (0.0785) (376.3) 
since grant 

Amount x 749.6* 703.8* 0.114* 867.9** 3.994 —51.73 —0.0659 —36.33 
third year (411.5) (392.8) (0.0634) (405.7) (432.3) (391.3) (0.105) (398.9) 
since grant 

Amount x 1218* 789.3 0.136** 875.8* —284.9 —258.9 —0.0914 —148.7 
five to six years (622.3) (499.6) (0.0637) (506.5) (450.8) (396.1) (0.101) (447.6) 
since grant 

Mean for 6864 6806 8.55 6455 3855 3724 7.77 3587 
control group 

P value 0.816 0.965 0.629 0.991 0.489 0.651 0.241 0.914 
for testing 
constant effect 
over time 

Observations 2212 2212 2201 2329 2148 2148 2140 2233 
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The point estimate is actually positive (suggesting 
slightly more firms who received the grant closed) 
but small and statistically insignificant. These re- 
sults are shown to be robust to concerns about 
survey attrition in SOM text 5. 

Hypothesis 2 was, “One-time grants don’t af- 
fect which firms survive.” If the grants only prop 
up failing firms, we should see the characteristics 
of survivors in the treatment group differ sub- 
stantially from those in the control group. As 
shown in Table 2, this is not the case for either 
male or female firms. Despite the lower failure 
rate, surviving male-owned treatment firms have 
similar initial profitability, revenues, and capital 
stock, and operate in similar sectors, to the sur- 
viving male-owned control firms. The only dif- 
ference appears in owner education, which is 
higher in the surviving treated firms. However, 
an F test of joint orthogonality of these char- 
acteristics to treatment status fails to show any 
relationship between treatment and character- 
istics of surviving firms. Among females, there 
were more marginally apparent differences in 
owner characteristics, but again we cannot reject 
overall balance. As further shown in SOM text 5, 
the entire distributions of baseline profits are sim- 
ilar for surviving treatment and control, so that 
the grants are not differentially affecting smaller 
or larger firms within our sample. 

Hypothesis 3 was, “One-off grants have at 
most temporary effects on business profitability.” 
Traditional economic models predict that any 
impact on profits should be short-lived, merely 
speeding up the transition to an equilibrium 
steady-state. The results of estimating the treat- 
ment effect on profits are reported in Table 3. 
Consistent with Fig. 1, we found the one-time 
grants had lasting impacts on firm profitability 
for males but no impact in either the short or the 
long run for females. For males, a 10,000 LKR 
grant increased monthly profits by 600 to 1200 
LKR, a 6 to 12% monthly real return. This per- 
sists throughout the time period and does not 
narrow dramatically (as would be the case with 
a temporary effect) or increase dramatically (as 
would be the case if returns compounded). This 
effect is robust, and strengthened, when we look 
at labor income and include the labor income 
for those businesses which have closed, and are 
shown in SOM text 5 to be robust to any selec- 
tive attrition. 

Conditional cash transfers in health and edu- 
cation typically tie payments to irreversible ac- 
tions, such as children attending school or getting 
vaccinated. It is thus no surprise to find lasting 
impacts of such programs. In contrast, half of 
our grants were unconditional cash, and even the 
conditional grants typically took the form of in- 
ventories or raw materials that could easily have 
been taken out of the business if desired. Tra- 
ditional economic theory would predict that such 
one-time grants would have at most temporary 
effects. However, we found enduring effects for 
male-owned microenterprises, with respect to both 
business survival and business profitability. This 


raises two questions: Why do we see these ef- 
fects, and why don’t female-owned microenter- 
prises also benefit? 

Economic theory suggests at least three cat- 
egories of reasons why a one-time grant may 
have lasting effects. The first is that the extra 
funding provided by the grants may have played 
an insurance role, providing liquidity-constrained 
firms with the ability to keep the business open 
when faced with a temporary shock to the busi- 
ness that might otherwise force them to close 
down. As shown in SOM text 5, the main reason 
for business closure in our firms was business 
failure. However, the data also show that impacts 
are not much greater for poorer owners or firms 
with initially lower profitability within our sam- 
ple. Because shocks are an important reason for 
business failure, smoothing against shocks may 
still help explain the lasting impacts if the fre- 
quency of shocks that cause businesses to fail are 
independent of business size within our sample. 

A second potential explanation offered by 
theory is that the grants allowed liquidity- 
constrained firm-owners to make lumpy invest- 
ment with high returns and that, in the absence 
of the grant, firm owners would not be able to 
save enough to make these investments them- 
selves, getting stuck in a poverty trap (9). How- 
ever, the majority of the grants were invested in 
inventories, materials, and other working capital 
rather than in lumpy equipment. The owners in- 
creased profits by selling larger quantities and a 
wider variety of products rather than dramatically 
changing their production technologies. Coupled 
with a lack of evidence for production poverty 
traps in other urban environments (23, 24), this 
suggests production non-convexities are also 
not the main reason for the long-lasting effects. 

The real returns to capital for these male firm- 
owners are around 11% per month (//). Faced 
with these returns, why does not the control group 
reinvest small amounts at a time, compound- 
ing and growing their profits to catch up to the 
treatment group? Recent behavioral theories of 
decision-making (8, /0, 25) are a third category 
of explanation and, in our view, offer the greatest 
potential for explaining why one-time grants have 
long-term effects. These theories also may help 
explain the differences in outcomes for males 
and females. For example, if firm owners lack 
self-control or have time-inconsistent preferences, 
they will keep putting off investment opportu- 
nities that are profitable in the long term. Because 
this leads to less capital invested in the firm, this 
may also make them more vulnerable to shocks. 
However, this raises the question of why this 
same behavior does not lead to an immediate de- 
capitalization of the grants once they are received. 
Some friction in removing capital from the firm 
must be present. This could either be physical 
friction (it takes several days to liquidate stock, 
and this is enough to overcome immediate temp- 
tation) or mental accounting friction (once capital 
enters the business, it is treated differently from 
capital in the household). 
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Two factors seem to explain the lack of effect 
for female-owned microenterprises. First, much 
of the treatment does not get invested in the busi- 
ness but gets diverted to household uses. Second, 
a combination of household inefficiencies (//) 
and women working in industries with low ef- 
ficient scale (26) means that the money these 
women do invest in their business has low returns. 
Capital alone thus does not appear to be enough to 
grow subsistence-level female-owned firms. On- 
going work is exploring the extent to which com- 
plementary interventions such as business training 
can help, or whether the other duties such as 
household production and child care constrain the 
extent to which women wish to grow their firms. 

Overall, these results show that it is both fea- 
sible and of interest to track the outcomes of a 
microenterprise intervention over a substantial 
period of time, and that a one-off grant can have 
a lasting influence. Sometimes, giving a fish may 
be enough. As with any experiment, there are 
limits to the extent to how much one can gener- 
alize to other settings, but there is at least evi- 
dence from Ghana and Mexico that male-owned 
microenterprises have substantial short-term gains 
from one-time grants (8, 27). Replicating these 
long-run results across a number of other set- 
tings therefore offers the potential to provide a 
basis for rethinking theories of microenterprise 
growth and the policy actions that can be used to 
aid subsistence entrepreneurs. 
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Neighboring genes are often coordinately expressed within cis-regulatory modules, but evidence that 
nonparalogous genes share functions in mammals is lacking. Here, we report that mutation of either 
TMEM138 or TMEM216 causes a phenotypically indistinguishable human ciliopathy, Joubert syndrome. 
Despite a lack of sequence homology, the genes are aligned in a head-to-tail configuration and joined by 
chromosomal rearrangement at the amphibian-to-reptile evolutionary transition. Expression of the two 
genes is mediated by a conserved regulatory element in the noncoding intergenic region. Coordinated 


expression is important for their interdependent cellular role in vesicular transport to primary cilia. 
Hence, during vertebrate evolution of genes involved in ciliogenesis, nonparalogous genes were arranged 
to a functional gene cluster with shared regulatory elements. 


is-regulatory modules (CRMs) provide 

binding sites for transcription factors that 

regulate the expression of neighboring 
genes (/). Relatively little is known about the 
evolution of these regulatory elements, such as 
how CRMs arise or how the regulated genes 
cofunction, other than the rare instance such as 
Hox gene clusters evolved by gene duplication 
and the addition of regulatory elements to reg- 
ulate body patterning (2). 

Joubert syndrome (JBTS) is the most com- 
mon neurodevelopmental disorder among the 
ciliopathy spectrum, which is thought to en- 
compass disorders of structure or function of 
cellular primary (nonmotile) cilia (3). Affected 
JBTS patients show hypotonia, ataxia, abnor- 
mal eye movement, and a distinct mid-hindbrain 
malformation presenting the “molar tooth” sign 
on brain magnetic resonance images (MTI) (fig. 
S1A) (4). Mounting evidence suggests that pri- 
mary cilia as cellular antennae sense a wide 
variety of signals, including Shh signaling, and 
play a crucial role in vertebrate development (5). 


Recently, we reported deleterious mutations 
of the transmembrane protein (TMEM) 216 gene, 
linking to the JBTS2 locus on chromosome 11, 
in about half of the 10 JBTS2-linked families 
(Fig. 1A) (6-8). However, the remaining half 
of the JBTS2 families (verified by the pathogno- 
monic MTI) were phenotypically indistinguish- 
able (displaying optic coloboma, retinal dysplasia, 
nephronophthisis, and occasional occipital en- 
cephalocele) but were negative for mutations in 
TMEM216 (fig. S1, A and B, and table S1). 
Furthermore, fibroblasts from these latter pa- 
tients contained intact TMEM216 mRNA and 
protein expression (fig. S2, A and B), thereby 
suggesting another JBTS causative gene at the 
JBTS2 locus. 

We thus performed resequencing of all known 
and predicted exonic and promoter genetic ele- 
ments within the minimal 17-Mb candidate in- 
terval defined by TMEM216 mutation-negative 
families (9). From these data, we identified four 
missense mutations and one splicing homozygous 
deleterious mutation in evolutionarily conserved 


residues of the nearby ZMEM138 gene of unknown 
function, thus accounting for all JBTS2-linked 
families (Fig. 1A, fig. S2C, and table S1). All mu- 
tations segregated according to a single recessive 
disease mode and were not present in 400 eth- 
nically matched chromosomes. Among missense 
mutations in transmembrane domains, TMEM138 
p-H96R led to unstable protein when transfected 
into heterologous cells (fig. S2D), suggesting loss 
of function as the disease mechanism. 
Although both TMEM genes encode trans- 
membrane proteins (Fig. 1A), neither the genes 
nor the proteins demonstrated sequence homol- 
ogy or shared any functional domains. Phylo- 
genetic analysis showed that they represented 
two distinct protein families, which have evolved 
separately from invertebrates (figs. S4 and SS), 
excluding a gene-duplication event. In all higher 
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vertebrates, the two genes aligned in a head-to- 
tail configuration, with a conserved ~23—kilo— 
base pair noncoding intergenic interval (Fig. 1B). 
A synteny map of the genomic locus in a species 
with deposited reference sequence indicated that 
they were joined by an ancient chromosomal 
rearrangement at the amphibian-to-reptile evo- 
lutionary transition ~340 million years ago (Fig. 
1B and fig. S3). Adjacent genes often exhibit 
correlated expression (/0) and, thus, confer a 
selective advantage as a genetic module for a 
certain biological function (//). Therefore, the 
arrangement of two TMEM genes causing in- 
distinguishable phenotypes prompted us to test 
whether these genes represent co-regulated and 
cofunctioning genes within a CRM. 

To test for coordinated expression, we ex- 
amined tissue-expression patterns of human 
TMEM138 and TMEM216 using the microarray 


A 


database and in situ hybridization of human 
embryos. We found tight coexpression values 
of human TMEM/138 and TMEM216 across the 
major tissues, including the brain and kidneys 
(fig. S6B), and similar expression patterns in 
various tissues, including the kidneys, cerebel- 
lar buds, and telencephalon, at 4 to 8 gesta- 
tional weeks (gw) of human embryos (Fig. 2A 
and fig. S6C). To test whether this coordinated 
expression was due to the adjacent localization, 
we compared mRNA levels in zebrafish versus 
mice, representing species before and after the 
gene rearrangement event. Using quantitative 
polymerase chain reaction (qPCR), we de- 
tected tightly coordinated expression levels in 
mice compared with those in zebrafish (corre- 
lation coefficient r = 0.984 versus 0.386) (Fig. 
2B and fig. S6D), which suggests that TMEM/38 
and 7MEM216 might share regulatory elements 
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Fig. 1. Genetic heterogeneity at JBTS2 locus and the evolutionary location of the TMEM138 and 
TMEM216 genes mutated in JBTS2-linked families. (A) JBTS2 locus (red box) on chromosome 11. 
TMEM138 encoding a trispan membrane protein is aligned in a head-to-tail configuration with 
TMEM216 encoding a tetraspan membrane protein. All missense and splicing mutations of TMEM138 
and TMEM216 found in JBTS2-linked families are indicated on the predicted transcript and protein. 
(B) Schematic synteny representation of TMEM138, TMEM216, and the intergenic region showing 
that the head-to-tail configuration of TMEM138 and TMEM216 on the same chromosome is conserved 
from reptiles to humans, but not in lower vertebrates, in which the two TMEMs are located on different 
chromosomes (table $2). Conserved regions have >50% sequence similarity to humans. UTR, un- 


translated region. 
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(REs) within the ~23-kb intergenic region. We 
further examined several experimental features 
and found that regulatory factor X 4, a transcrip- 
tion factor regulating ciliary genes, binds a RE 
conserved in the noncoding intergenic region to 
mediate coordinated expressions of TMEM138 
and TMEM216 (see SOM text and fig. S7) 

The coordinated expression and indistin- 
guishable ciliopathy phenotype caused by either 
mutation of 7MEM138 and TMEM216 suggests 
possible functional relations at the protein level, 
possibly co-regulating ciliogenesis. We noticed 
short cilia and failure of ciliogenesis in TMEM138- 
(p.A126T) and TMEM216- (p.R73L) mutated 
fibroblasts, respectively (Fig. 3A), as well as defects 
of ciliogenesis after knockdown of TMEM138 and 
TMEM216 in IMCD3 cells (fig. S8), suggesting 
that both TMEM138 and TMEM216 are required 
for ciliogenesis. Immunostaining of endogenous 
TMEM 138 with a marker (Arl13b) of the ciliary 
axoneme and transition zone demonstrated close- 
ly adjacent localization with TMEM216 at the 
base of cilia (y-tubulin), as reported previously 
(Fig. 3B and fig. S9C) (6). We also noted prom- 
inent TMEM138 and TMEM216 adjacent but 
nonoverlapping vesicular staining around the base 
of cilia (Fig. 3B and fig. S9, C and D). 

Earlier electron-microscopic findings sug- 
gested that vesicles transporting to the cilium 
play a crucial role for targeted delivery of mem- 
brane proteins from the Golgi apparatus (12, /3). 
It is noteworthy that TMEM216 localized to 
post-Golgi vesicles along microtubules, as well 
as the Golgi apparatus surrounding the base of 
cilium, whereas TMEM138 localized to adja- 
cent but nonoverlapping distinct vesicles, shown 
by immunoelectron microscopic analysis (figs. 
S10, S11, and S12A). This observation suggests 
that both TMEM138 and TMEM216 might 
mark vesicles en route to the base of cilium, 
which is known to be crucial for ciliary assem- 
bly (/4). Using time-lapse analysis with or with- 
out fluorescence recovery after photobleaching, 
we found that the net flux of TMEM216-tagged 
vesicular movements is toward the centrosome in 
dsRed-Centrin2 (centrosomal marker) express- 
ing cells (fig. S12B and movies S1 and 82). 
TMEM138-tagged vesicles displayed tethered 
vesicular movement with TMEM216-tagged 
vesicles (fig. S12C and movie $3). This obser- 
vation prompted us to ask whether the two 
distinct vesicles differentially carry known ciliary 
proteins essential for ciliary assembly. We further 
examined several experimental features showing 
that TMEM138 and TMEM216 mark two dis- 
tinct but linked vesicle pools, each associated 
with unique cilia-targeted proteins, including 
CEP290 (see SOM text and fig $13). 

To understand the adjacency of the two ve- 
sicular pools, we tested whether either was re- 
quired to move vesicles containing the other. 
Although TMEM216 vesicular movement was 
not notably affected by disruption of TMEM138 
by small interfering RNA (siRNA), the knock- 
down of TMEM216 disrupted the trafficking of 
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Fig. 2. Coordinated expression of adjacent TMEM138 
and TMEM216 mediated by the noncoding intergenic 
region. (A) Similar expression patterns of MMEM138 and 
TMEM216 based on in situ hybridization at 8 gw in human 
embryonic tissues. TMEM138 antisense (a and b), TMEM216 
antisense (c and d), and sense control probes (7MEM138) (e 
and f) are shown. TMEM138 and TMEM216 are strongly 
expressed in kidney, gonad (go), and adrenal gland (ad) as 
well as in the central nervous system, in particular in the 
cerebellar bud (cb), telencephalon (tel), rhombencephalon 
(rh), and cranial nerve ganglia such as trigeminal (V). (B) 
Real-time qPCR of TMEM138 and TMEM216 in selected 
tissues indicates tightly coordinated mRNA expressions in 
mouse tissues (having head-to-tail configuration), but not 
zebrafish (having two genes on different chromosomes). 
Housekeeping genes 36B4 (mouse) and Rpl13a (zebrafish) 
are used for normalization. 
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Fig. 3. Tethered vesicular trafficking of TMEM138 and TMEM216 to primary 
cilia is required for ciliogenesis. (A) In patient fibroblasts under 48-hour serum 
starvation, TMEM138 p.A126T (MTI-656) mutations caused short cilia, and 
TMEM216 p.R73L mutations disrupt ciliogenesis (defined as having cilia 
<1 um long).*P < 0.05, **P < 0.01 [versus wild type (WT) by one-way analysis 
of variance (ANOVA) with Bonferroni posttest, n = 40 to 50 cells). Error bars 
indicate SEM. (B) In IMCD3 cells, high-resolution images of endogenous 


TMEM 138, as well as CEP290 (figs. S13B and 
S14, A and B, and movies S5 and S6), suggest- 
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distinct vesicular pools. Several vesicle tethering 
factors, including the transport protein particle 
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TMEM138/216 staining show that TMEM138 localized to ciliary axonemes and 
the base of cilia, whereas TMEM216 localized primarily to basal bodies. Both 
TMEMs also show closely adjacent vesicular patterns around the base of cilia 
(also see fig. S9C). Anti-Arl13b (cilia), anti-Glu/y tubulin (cilia plus 
centrosome), polyclonal mouse anti-TMEM138 (fig. $9, A and B), and rabbit 
anti-TMEM216 antibodies were used. A, ciliary axoneme; T, transition zone; B, 
basal body. Scale bars, 5 um. 


and TMEM216 vesicles crucial for ciliary as- 
sembly (Fig. 4A, SOM text, figs. S14C to S16, 


ing functional dependence on TMEM216 for 
trafficking TMEM138 and associated proteins. 
To determine the mechanism of this func- 
tional dependence, we considered the potential 
role of tethering proteins in linking these two 


(TRAPP) II complex, p115, and the conserved 
oligomeric Golgi complex are known to be in- 
volved in tethering Golgi vesicles (/5). Among 
these potential tethering proteins, we found that 
TRAPPII mediated the tethering of TMEM138 


and movies S7 and S8). 

We questioned whether the protein local- 
ization or mutant phenotype of the two TMEMs 
in species that diverged before the coordinated 
gene regulation should be distinct. We found the 
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Fig. 4. Functional relatedness of TMEM138 and TMEM216. (A) Live-cell 
imaging shows that knockdown of TRAPPC9, a major subunit of the TRAPPII 
complex, detached the tethered TMEM138 and TMEM216 vesicles (movies $7 
and $8). Defects in tethering were largely rescued by myc-TRAPPC% (9). ***P < 
0.001 (by one-way ANOVA with Bonferroni posttest, n = 90 to 110). Scale 
bars, 5 um. Error bars indicate SEM. (B) Injection of translation-blocking 


retention of the coordinated vesicular movement 
in a zebrafish cell line (ZF4) expressing the tagged 
version of the two TMEMs zebrafish orthologs, 
suggesting that the coordinated localization of 
proteins evolutionarily preceded the coordinated 
gene expression (movie S11). We next tested for 
conserved genetic function in zebrafish by com- 
paring the morpholino knockdown phenotypes 
of each. Both knockdowns shared some typical 
ciliary phenotypes such as pericardial effusion, a 
curved or kinked tail (/6) in a synergistic and 
dose-dependent manner, as well as gastrulation 
defects (Fig. 4B and fig. S18, A to D). However, 
only #mem216 morphants presented hydroce- 
phalic brains [ciliary phenotype (/7)] and more 
severe defects of the left/right heart axis (Fig. 4B 
and figs. S17 and S18A). Together, the data in- 
dicate that before their adjacent genomic local- 
ization, the proteins’ organismal functions were 
not completely congruent and were associated 
with distinguishable phenotypes, unlike JBTS2- 
linked Joubert patients. 

Our findings suggest that nonparalogous genes 
not only can be chromosomally rearranged into 
a functional gene cluster during vertebrate evo- 
lution, but also can be assembled into a new 
CRM by evolving regulatory elements, which 
correlate with their coordinated expression. We 
are aware of few other examples in which mu- 
tations in adjacent genes lead to indistinguish- 
able or similar human phenotypes: mutations in 
EVC or EVC2 cause another ciliopathy, Ellis—van 


siTRAPPC9 


dition) (fig. S18B). 


Creveld Syndrome; mutations in ABCGS and 
ABCG8 cause sitosterolemia; and disruptions 
of PKD/ and TSC2 cause renal cysts (18-20). 
Our results provide insight into the evolved co- 
ordinated expression and functional relatedness 
of adjacent nonparalogous genes as a pathogen- 
esis of phenotypically indistinguishable genetic 
disorders caused by mutations at a single locus. 
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antisense morpholinos (MOs) to tmem138 (6 ng), tmem216 (4 ng), or double 
MOs in WT (AB) zebrafish embryos leads to ciliary phenotypes of curved 
or kinked tail (arrows) and heart edema (arrowheads) at 3 days post- 
fertilization in a synergistic and dose-dependent manner (fig. $18A). Only 
tmem216 morphants present hydrocephalus (*) (>50 embryos for each con- 
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Control of Nonapoptotic Developmental 
Cell Death in Caenorhabditis elegans 
by a Polyglutamine-Repeat Protein 
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Death is a vital developmental cell fate. In Caenorhabditis elegans, programmed death of the 

linker cell, which leads gonadal elongation, proceeds independently of caspases and apoptotic effectors. 
To identify genes promoting linker-cell death, we performed a genome-wide RNA interference 
screen. We show that linker-cell death requires the gene pqn-41, encoding an endogenous 
polyglutamine-repeat protein. pqn-41 functions cell-autonomously and is expressed at the onset of 
linker-cell death. pqn-41 expression is controlled by the mitogen-activated protein kinase kinase 
SEK-1, which functions in parallel to the zinc-finger protein LIN-29 to promote cellular demise. 
Linker-cell death is morphologically similar to cell death associated with normal vertebrate 
development and polyglutamine-induced neurodegeneration. Our results may therefore provide 
molecular inroads to understanding nonapoptotic cell death in metazoan development and disease. 


zoan development and is required to sculpt 
organs, eliminate harmful cells, and coun- 
ter cell division (/, 2). Apoptosis, an extensively 
studied cell death process, requires caspase ac- 
tivation and is accompanied by a stereotypical 
morphological signature that includes chromatin 
compaction, cytoplasmic shrinkage, and no gross 
disruption of organelles (3). Mice lacking key 
apoptotic effectors such as caspase-3, caspase-9, 
Apaf-1, or Bax and Bak have mild defects and 
can survive to adulthood (4). Given the preva- 
lence of cell death during mouse development 
(5), these observations raise the possibility that a 
nonapoptotic cell death pathway plays key roles 
in animal development. Although genes promot- 
ing necrotic cell death have been identified (6), 
they are not required for normal development (7). 
Indeed, genes dedicated to nonapoptotic devel- 
opmental cell death have not been described. 
We previously described the programmed 
death of the Caenorhabditis elegans linker cell 
during male reproductive system development 
(8). The linker cell leads the migration of the 
male gonad and dies between the fourth larval 
stage (L4) and adulthood (9). Linker cell demise 
is orchestrated by a cell-autonomous process in- 
dependent of all C. elegans caspases and other 
known cell death genes (8, /0). Electron mi- 
croscopy (EM) of the dying linker cell reveals 
nonapoptotic features, including crenellation (in- 
dentation) of the nuclear envelope, uncondensed 
chromatin, and organelle swelling (Fig. 1C) (8). 
However, linker cell death does not require the 
unfolded protein response or other stress responses 
(tables S1 and $2). Similar morphological fea- 
tures are seen during normal developmental death 
of neurons in the vertebrate spinal cord and cil- 
iary ganglion (//—/3), suggesting that linker cell- 
type death is morphologically conserved. 


Pesce: cell death is essential for meta- 
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To uncover the molecular mechanisms lead- 
ing to linker cell death, we performed a genome- 
wide RNA interference (RNAi) screen to identify 
genes whose inactivation prevents linker cell 
death. We fed 18,132 bacterial clones, express- 
ing double-stranded RNA (dsRNA) correspond- 
ing to 89% of predicted protein-coding C. elegans 
genes, individually to RNAi-sensitized males ex- 
pressing a /ag-2 promoter::green fluorescent 
protein (GFP) linker cell reporter (/4). The screen 
strategy was validated by recovery of the /in-29 
gene, previously identified as required for link- 
er cell death (8). We recovered five additional 
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RNAi clones leading to linker cell survival. 
Three clones also affect linker cell migration 
and may thus affect multiple aspects of linker 
cell fate. One of the remaining clones, derived 
from the gene pqn-4/ (Fig. 2A), caused linker 
cell survival in 20% of animals (Fig. 1A) with 
no obvious pleiotropic effects (fig. S1) and was 
further studied. 

To confirm that the clone we identified inac- 
tivates pqn-41, we generated a deletion allele, 
ns294, in the gene. pgn-41(ns294) animals lack 
337 nucleotides, removing portions of intron 
17 and exon 18 of the predicted genomic struc- 
ture (Fig. 2A). Consistent with our RNAi results, 
pqn-41(ns294) adult males possess an inappro- 
priately surviving linker cell (Fig. 1, A and B). 
Furthermore, in pgn-41(ns294) mutants the linker 
cell persists at least 24 hours after the L4-adult 
transition (19% survival, n = 79 animals), sug- 
gesting that reducing pgn-4/ function not only 
delays but may block linker cell death. RNAi 
against pqn-41 in pqn-41(ns294) animals does 
not increase linker cell survival (16% survival, 
n = 108 animals), suggesting that ns294 may 
be a strong loss-of-function allele. To test whether 
pqn-41(ns294) mutants have defects in develop- 
mental apoptosis, we scored for surviving pha- 
ryngeal cells that normally die apoptotically (/5) 
and observed none (n = 10 animals). Thus, the 
nonapoptotic nature of linker cell death may 
reflect distinct molecular machineries. 

None of the pqn-41(ns294) surviving cells 
exhibit nuclear crenellation (7 = 19 animals), 
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Fig. 1. PQN-41 is required for linker cell death. (A) Linker cell survival 2 to 4 hours after the L4 molt. 
Numbers, percentages. Error bars indicate SEM. *P < 0.04; n > 50 animals. Increased survival in rde-1 may 
reflect reduced /et-7 miRNA function (8). (B) Adult pqn-41(ns294) male with surviving linker cell 
(arrow). Scale bar, 10 um. (C) Electron micrograph of dying linker cell in a wild-type animal. nl, nucleolus. 
Arrow indictaes swollen ER, asterisk indicates mitochondria, and arrowhead indicates nuclear envelope 
crenellation. (D) Electron micrograph of linker cell in (B). Arrows indicate adhesion junctions. Dashed box 
is enlarged in fig. S2A. Scale bars in (©) and (D), 2 wm. 
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as observed with light microscopy. To exam- 
ine surviving linker cell morphology at higher 
resolution, we performed serial-section EM. We 
found that the cell forms adherens junctions 
to surrounding epithelia (8) and that nuclear 
envelope crenellation is mild (7 = 2 animals) 
(Fig. 1D). In both animals, however, organelle 
swelling was evident (Fig. 1D and fig. $2, A 
and B), suggesting that pgn-4] may be re- 
quired for nuclear crenellation but not organ- 
elle swelling. 

To determine whether pqn-4/ functions 
cell-autonomously, we examined rde-1(ne2/9) 
RNAi-deficient mutants (/6), containing a mig- 
24 promoter::rde-] cDNA transgene restoring 
RNAi only in the linker cell (77). Feeding pgn-41 
RNAi bacteria to these mutants resulted in link- 
er cell death defects similar to systemic RNAi 
(Fig. 1A), suggesting that pgn-4/ functions cell- 
autonomously. To further examine this issue, we 
assessed whether expression of pgn-41 with- 
in the linker cell can restore linker cell death to 


pqn-41(ns294) mutants. The pgn-41 locus en- 
codes at least three alternate transcripts, which 
we designated pqn-41A, -B, and -C (Fig. 2). pqn- 
41A/B span the locus, differing by alternative 
in-frame exon b. pgn-4/C mRNA initiates im- 
mediately upstream of exon b (Fig. 2B). We 
found that expression of pgn-4/C is sufficient 
to promote linker cell demise in pgn-41(ns294) 
mutants (Fig. 2D), strongly suggesting that pgn-4/ 
functions cell autonomously to promote linker 
cell death. 

pqn-41C encodes a protein composed of runs 
of glutamine residues with one to eight resi- 
dues per run (Fig. 2C and fig. S3A). Of the 427 
pqn-41C codons, 151 encode glutamine. The av- 
erage number of nonglutamine amino acids inter- 
rupting adjacent glutamine residues in PQN-41C 
is 1.8 and is the second smallest in the C. elegans 
proteome (fig. S4). Glutamine-rich domains are 
hallmarks of some neurodegenerative disease 
(ND) proteins and of Q/N-rich prions (/8). Both 
domain classes can adopt coiled-coil structures 
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(78). Similarly, PQN-41C is predicted to contain 
six coiled-coil motifs demarcated by flanking pro- 
lines (CC1-6) (fig. S5). Three sequences outside 
the coiled-coil motifs are conserved among nema- 
todes (CD1-3) (fig. S3B), as is the overall propor- 
tion of glutamines (38, 37, and 37% in C. remanei, 
C. brenneri, and C. briggsae, respectively). 

ND and Q/N-rich polyglutamine proteins tend 
to aggregate in cells (18). Similarly, we found 
that a PQN-41C::GFP protein forms cytoplas- 
mic aggregates in the linker cell (Fig. 3G), sug- 
gesting that PQN-41C shares structural features 
with these proteins. To understand the impor- 
tance of the coiled-coil and conserved regions to 
PQN-41C function, we examined the effects of 
protein truncations on the ability of PQN-41C 
to rescue pqn-41(ns294) mutants (fig. S6A). 
Truncation of consecutive pairs of coiled-coil 
domains abolishes PQN-41C rescuing activity. 
Coil-breaking prolines in coiled-coil domains 2, 
4, and 6 also reduce rescue efficiency. Thus, se- 
quences encoding the coiled-coil regions are 
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lI | Hill I PQN-41B = 
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® 
PQN-41C ~< 
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° 
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; ; oL_2 
Bf polyglutamine domain ow oo pgn-41(ns294);  pqn-41(ns294);__ pqn-41(ns294); 
RY) a mig-24p::pqn-41A mig-24p::pqn-41B mig-24p::pqn-41C 
oo 


Fig. 2. PQN-41C promotes linker cell death. (A) pqn-41 genomic re- 
gion. Alternative exon b is labeled with the letter “b.” GFP not to scale. 
(B) Three mRNAs generated by the pqn-41 region. (C) Predicted protein 
structures for mRNAs in (B). (D) Linker cell survival in pqn-41(ns294) 
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mutants expressing the indicated cDNAs. Numbers are percentages. Er- 
ror bars indicate SEM. Asterisks signify different from pqn-41(ns294): 
*P < 0.0009, n = 138 animals; **P < 0.0007, n = 236 animals; ***P < 
0.004, n = 229 animals. 


971 


Downloaded from www.sciencemag.org on February 23, 2012 


Wl REPORTS 


972 


important for PQN-41C function. Truncation of 
conserved domain CD3 also abolishes rescue, 
whereas deletion of the CD1/2 domains has only 
modest effects. 

Expression of polyglutamine repeats is often 
toxic. However, PQN-41C does not exhibit non- 
specific cellular toxicity. Expression of PQN-41C 
in the linker cell of pgn-41(ns294) males starting 
in L2 larvae did not cause precocious cell death 
(n = 227 animals). Rather, cell death was initiated 
appropriately at the L4-adult transition. Likewise, 
expression of PQN-41C in the hermaphrodite 
distal tip cells or the anchor cell did not kill these 
cells (n > 38 animals for each). Thus, PQN-41C 
requires the appropriate cellular context to pro- 
mote death. 

To investigate the functions of the pgn-41A/B 
transcripts, we tested whether they could restore 
linker cell death to pgn-41(ns294) mutants. We 
found that both transcripts enhance linker cell 
survival in pgn-41(ns294) (Fig. 2D) and wild-type 
animals (fig. S6B). Although other polyglutamine 
proteins can protect cells from polyglutamine 
toxicity (79), it is puzzling that PQN-41A/B pro- 
tect the linker cell, given that both proteins con- 
tain the glutamine-rich sequences of PQN-41C. It 
is possible that the N terminus of PQN-41A/B 
overrides the cell death-promoting activity of the 
glutamine-rich domain. Supporting this idea, the 
N terminus is sufficient to block linker cell death 
(fig. S6B). Furthermore, PQN-41A/B::GFP. pro- 
teins expressed in the linker cell fail to aggregate 
(Fig. 3, E and F). 

ND and Q/N-rich proteins often contain coiled- 
coil motifs outside the glutamine-rich domain or 
associate with proteins containing such domains 
(8). Similarly, PQN-41A and -B N-termini are 
predicted to contain at least five coiled-coil mo- 
tifs (fig. S7). We found, however, that deletion 
of sequences encoding different coiled-coil do- 
mains did not abolish ectopic survival induced 
by pqn-4/B (fig. S6B). 

We next sought to characterize pqn-4] ex- 
pression. A 13-kb DNA fragment derived from 
the pqn-41 locus and fused to gfp sequences is 
broadly expressed in transgenic animals in most 
cells starting in the embryo (Figs. 2A and 3). 
However, expression is only switched on in the 
linker cell as the cell begins to die (Fig. 3, A to 
D). A 2.5-kb DNA subfragment derived from 
this reporter promotes gfp expression nearly ex- 
clusively in the linker cell, and only upon cell 
death initiation (Fig. 2A and fig. S8). The se- 
quences driving linker cell expression of pgn-41 
overlap with those deleted in pqn-41(ns294) mu- 
tants and lie upstream of the pqn-4/C start (Fig. 
2A), suggesting that they may control pgn-41C 
expression. 

We previously demonstrated a role for the 
LIN-29 zinc-finger transcription factor in linker 
cell death (fig. S9B) (8). din-29 is expressed in 
the linker cell before the cell begins to die, sug- 
gesting that /in-29 might control pgn-4] expres- 
sion. However, pgn-4/ expression is only modestly 
disturbed in /in-29(RNAi) males (Fig. 4B and 


PQN-41A::GFP 


PQN-41B::GFP 


pgn-41 (13 kb)p::GFP 


PQN-41C::GFP 


Fig. 3. PQN-41 is expressed as the linker cell dies. (A) Differential interference contrast and 
fluorescence image of late L4 male expressing the 13 kb pqn-41::GFP reporter in Fig. 2A. Arrow 
indicates linker cell. (B) Fluorescence image only. (C) Same as (A) except in an older L4 animal. (D) 
Fluorescence image only. (E to G) Expression of mig-24 promoter::pqn-41A, -B, and -C cDNA GFP 
translational fusions, respectively. Arrow indicates cytoplasmic puncta. Scale bars, 10 um [(A) to (D)], 5 um 


[(E) to (G)]. 


fig. S1OA). To identify strong regulators of pgn- 
41 expression, we tested clones identified in our 
RNAi screen. A clone directed against the gene 
tir-I—encoding a p38 mitogen-activated protein 
kinase (MAPK) scaffolding protein important 
for C. elegans innate immunity, neuronal differ- 
entiation, and stress responses (20, 2/)—blocks 
linker cell death, as does the tir-1(gd4) genetic 
lesion (fig. S9B). We tested whether other genes 
involved in innate immunity and stress affect 
linker cell death. Two independent alleles of the 
p38 cascade MAPKK gene sek-/ strongly block 
linker cell death (Fig. 4A, fig. S9, and table S2); 
however, none of the other genes we tested had 
an effect (table S2). Thus, sek-7 promotes linker 
cell death independently of innate immunity, 
stress response, and neuronal differentiation path- 
ways. Unlike in /in-29(RNAi) animals, pgn-41] 
expression is often not detected in sek- mutants 
(Fig. 4B), suggesting that sek-/ functions up- 
stream of pqn-41. Consistent with this idea, 
double mutants carrying a strong loss-of-function 
lesion in sek-/ and the pqn-41(ns294) allele have 
a survival defect similar to that of sek-7 mutants 
alone (fig. S9B). Furthermore, EM of surviving 
linker cells in sek-J(ag/) mutants reveals no nu- 
clear crenellation, but some endoplasmic reticu- 
lum (ER) swelling (n = 2 animals) (Fig. 4C), 
which is consistent with regulation of pgn-41 


by sek-1. The differential effects of /in-29 and 
sek-1 on pqn-41 expression suggest that these 
genes function independently. Indeed, we found 
that sek-/ expression does not require /in-29 func- 
tion, and vice versa (fig. S10, B and C). Fur 
thermore, /in-29 mutants do not exhibit the extent 
of ER swelling of sek-/ mutants (n = 3 animals) 
(fig. S11). Last, strong loss-of-function mutations 
in /in-29 and sek-/ interact additively (fig. S9B), 
suggesting that these genes may indeed function 
in parallel. 

To determine where sek-/ functions, we ex- 
amined its expression using a sek-/ genomic 
region::GFP reporter. This transgene was ex- 
pressed in the linker cell throughout the cell’s 
development (Fig. 4D). Expression of a sek-/ 
cDNA using the mig-24 linker cell-specific pro- 
moter restored cell death in sek-/ mutants to a 
greater extent than did expression of sek-/ using 
the /in-48 promoter, which is active in sur- 
rounding cells (Fig. 4A) (22). These results sup- 
port a cell-autonomous role for sek-/ in linker 
cell death. 

The studies described here—as well as the 
morphological similarities between linker cell death 
and vertebrate developmental cell death—raise 
the possibility that PQN-41-like proteins might 
mediate nonapoptotic developmental cell death 
in vertebrates. The vertebrate proteins MED12 
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Fig. 4. SEK-1 MAPKK is required for linker cell death. (A) Linker cell survival in sek-1(ag1) mutants 
expressing the indicated promoter::cDNA constructs. Numbers are percentages. Error bars indicate SEM; n > 
70 animals. (B) Expression of the 2.5 kb pqn-41::GFP reporter in late L4 (wild-type) or young adult (lin-29, 
sek-1) animals (n > 50 animals). (C) Electron micrograph of linker cell in fig. S9A. Arrow indicates swollen 
ER. Scale bar, 2 um. (D) Late L4 male expressing a sek-1 promoter::GFP reporter. Dashed line, linker cell. 
Scale bar, 5 um. 


and p400 may be good candidates for such pro- 
teins. They are the most similar in primary se- 
uence structure to PQN-41, contain glutamine-rich 
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The Robustness and Restoration of a 
Network of Ecological Networks 


Michael J. O. Pocock,*+ Darren M. Evans,+ Jane Memmott 


Understanding species’ interactions and the robustness of interaction networks to species loss is 
essential to understand the effects of species’ declines and extinctions. In most studies, different 
types of networks (such as food webs, parasitoid webs, seed dispersal networks, and pollination 
networks) have been studied separately. We sampled such multiple networks simultaneously in 
an agroecosystem. We show that the networks varied in their robustness; networks including 
pollinators appeared to be particularly fragile. We show that, overall, networks did not strongly 
covary in their robustness, which suggests that ecological restoration (for example, through 
agri-environment schemes) benefitting one functional group will not inevitably benefit others. 
Some individual plant species were disproportionately well linked to many other species. This 
type of information can be used in restoration management, because it identifies the plant taxa 
that can potentially lead to disproportionate gains in biodiversity. 


Il species are embedded in complex net- 
works of interactions (7). Modeling food 
webs, and more generally, species’ inter- 


action networks, has advanced the understanding 


of the robustness of ecosystems in the face of 


species loss (/, 2). A key question, of applied 


relevance, is how the robustness of different 
species’ interaction networks varies and whether 
it covaries. This is particularly important given 
the current rate of species’ declines and extinc- 
tions (3) and its consequent impact on ecosystem 
function. Currently, understanding of species’ in- 
teraction networks is mostly limited to partial 
subsets of whole ecosystems [but see (4, 5)]. How- 
ever, studying the interdependence of different 
networks is important (6) and can alter our per- 
spective on network fragility, a fact already shown 
with nonecological examples (7). Moreover, this 
approach can be used to identify keystone species 
in the overall network; if these species are made 


School of Biological Sciences, University of Bristol, Woodland 
Road, Bristol BS8 1UG, UK. 


*To whom correspondence should be addressed. E-mail: 
michael.pocock@ceh.ac.uk 

tPresent address: NERC Centre for Ecology & Hydrology, 
Crowmarsh Gifford, Wallingford, Oxfordshire OX10 8BB, UK. 
+Present address: Department of Biological Sciences, Hardy 
Building, University of Hull, Cottingham Road, Hull HU6 7RX, UK. 


www.sciencemag.org SCIENCE VOL 335 24 FEBRUARY 2012 


Downloaded from www.sciencemag.org on February 23, 2012 


REPORTS 


974 


the focus of restoration efforts, then dispropor- 
tionate gains for biodiversity are a real possibility. 

In our study, we overcame the logistical con- 
straints of studying multiple species’ interaction 
networks in order to more fully test for variation 
in their robustness and fragility. Our networks 
comprised 1501 quantified unique interactions be- 
tween a total of 560 taxa, comprising plants and 
11 groups of animals: those feeding on plants 
(butterflies and other flower visitors, aphids, seed- 
feeding insects, and granivorous birds and mam- 
mals) and their dependants (primary and secondary 
aphid parasitoids, leaf-miner parasitoids, para- 
sitoids of seed-feeding insects, and rodent ecto- 
parasites) (Fig. 1). We selected these groups 
because sampling their interactions is tractable 
in the field; they encompass a wide taxonomic 
and functional range; and they include animals 
regarded as bioindicators, such as birds and but- 
terflies (8, 9), and as ecosystem service providers, 
such as pollinators and parasitoids (0, 1/) (table 


wit 


Fig. 1. Species’ interaction networks at Norwood Farm, Somerset, UK. The 
entire network of networks is shown at top left (in which each circle rep- 
resents one species), and quantitative visualizations are shown for each of 
the seven quantified individual networks (in which each block is a species, 
and the width of blocks of each color represents relative abundance). Details 


Seed - rodent - ectoparasite 


S1). The networks thus included trophic (/2), 
mutualistic (/3), and parasitic (4) interactions. 
Previously, these networks have only been studied 
in isolation because they are logistically difficult 
to sample and because most terrestrial ecologists 
focus on only a taxonomic subset of species (such 
as birds, butterflies, or bumblebees). 

We worked at the whole-farm scale on a 
125-ha farm (Norwood Farm, Somerset, UK) 
and undertook replicated sampling in all habi- 
tats, both cropped and noncropped, over 2 years 
(14). The abundance of each of the 560 taxa was 
quantified from field surveys. Interaction frequen- 
cies in most networks were quantified directly 
from field sampling (and thus represent a sample 
of each taxon’s realized niche). Logistical con- 
straints stopped us from identifying leaf-mining 
insects, so leaf-miner parasitoids were treated as 
if they were linked directly to host plants [thus 
assuming them to be generalist on leaf-miners 
that were host-specific; an approach justified in 


(/4)]. For birds, mammals, and butterflies, their 
interactions with plants were based on prior knowl- 
edge of their interactions (from the literature) and 
were quantified with models of foraging behavior 
[details in (/4); and thus approximated the tax- 
on’s realized niche]. Intensive study of a single 
site, as in many other food web studies [such as 
(15, 16)], provided us with spatiotemporal repli- 
cation across habitats and seasons and with de- 
tailed data that we could not have obtained from 
extensive surveys of multiple farms. We sampled 
this particular farm because we expected it to be 
relatively biodiverse (it was managed organically 
at relatively low intensity and was subject to an 
agri-environment scheme). This allowed us to 
simulate species loss from a biodiverse site, which 
provided stronger inference than if we had simu- 
lated the gain of (by definition, unrecorded) spe- 
cies from a low-diversity site. 

We evaluated the robustness of 11 groups 
of animals, comprising each trophic level in the 


Flower - flower visitor 


Plant - aphid - aphid parasitoid 


Primary aphid parasitoid 
AL 


Secondary aphid parasitoid 
we 


imals in each network. 


TST 


Plant - leaf-miner parasitoid 


10° 


of the networks are given in table $1 and (14). Dark green and light green 
circles and blocks indicate noncrop and crop plants, respectively, whereas 
other colors indicate animal groups. Scale bars indicate the abundance of 
animal taxa. Plants are scaled in proportion to their interactions with an- 
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seven linked networks, by simulating the sequen- 
tial removal of plant taxa 20,000 times (/4). In 
our model, animal taxa became disconnected (a 
“secondary extinction”) when all their food spe- 


cies became extinct; depending on the animal 
group, this was either plants or the animals they 
preyed on. In simulating the loss of plants, we 
used an established method (/2, 77) and assumed 


REPORTS 


bottom-up rather than top-down regulation of the 
animals, as justified by (/8). This ecologically 
informed approach has practical application, be- 
cause plants can be managed more directly [such 
as through field rotations or via agri-environment 
schemes (/9)] than can putative animal bioindi- 


Fig. 2. The average ro- 1.05 : 
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insect seed feeder, and pollinator networks appeared 
more fragile (R-0.5; Fig. 2). We tested whether 
robustness was related to other network metrics 
(table S4). We found that network robustness was 
related to network generalization [the relationship 
of H,', a measure of niche differentiation (22, 23), 
to Rs: B =—0.903, to = 2.316, P= 0.046, and to 
Ro: B =—0.545, to =—6.131, P< 0.001]. We also 
found that network robustness was not related to 
network complexity [the relationship of e”, a 
measure of interaction diversity (22, 23), to Rs: 
B= 0.018, t = 0.231, P= 0.823, and to Ra: B= 
0.099, t) = 1.769, P = 0.111]. Our findings 
provide no positive support for the long-debated 
relationship between complexity and stability, in 
common with other empirical studies (24). The 
relationship of robustness to generalization is prob- 
ably to be explained through the nestedness that 
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is characteristic of many ecological networks and 
which confers robustness on networks (24, 25). 
Although the animals in the networks all de- 
pended (directly or indirectly) on plant taxa, we 
found that the robustness of some networks co- 
varied, but overall the covariance was less than 
expected as compared to a null model (Fig. 3 and 
SOM part 3). None of the correlations was sub- 
stantially negative (minimum r=—0.05; table S5), 
so sequences of plant loss that were relatively 
benign for one animal group were never con- 
sistently unfavorable for another group. Although 
some individual pairwise correlations were strong- 
ly positive (Fig. 3, E and F), these correlations 
were between animal groups that were linked ei- 
ther trophically (such as fleas and rodents) or 
through shared resources (such as butterflies and 
seed-feeding insects that shared plant hosts). 
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Fig. 4. The relative importance of the plants in the Norwood Farm network of quantified networks. (A) 
The relative importance of the plants varied by habitat with colors from white to red representing 
increasing abundance, as shown in (G), and was calculated as shown in this workflow (B to G). The 
importance of each species of plant (7) for each animal group (7) was the coefficient of determination (r,7; that 
is, the square of the correlation coefficient, between the calculated robustness with plants removed in random 
order and the position of the plant in that order, as exemplifed for (B) Rubus fruticosus and butterflies, (©) 
Anthriscus sylvestris and flower visitors, (D) Persicaria spp. and birds, and (E) Anthriscus sylvestris and leaf- 
miner parasitoids. (F) The weighted sums of these coefficients of determination across groups (g) gave the 
importance (/) of each plant taxon; in this case, the groups were weighted according to their uniqueness 
(SOM part 4). (G) Abundance [assessed as leaf area of the plants (14, 31)] was strongly related to 
importance for a subset of plant taxa, so the relative importance of each plant taxon (R/) was calculated 
as the residual from the steeper regression line (determined by a two-component mixture regression 
model), exemplifed by Cirsium vulgare (Cv), Anthriscus sylvestris (As), and Hordeum vulgare (Hv). 


The practical implication of these findings for 
our agroecosystem is that agri-environmental man- 
agement of plants that is targeted to produce 
cascading positive effects for one animal group 
(such as farmland insect pollinators) will have 
varying (but not systematically negative) effects on 
other animal groups. Such results have indeed 
been found with empirical assessments of agri- 
environment scheme success more generally (26). 

Our approach, considering the robustness of 
the linked networks, provides information on the 
network of networks. To reveal the varying im- 
portance of individual species within these linked 
networks, we identified the most important plants 
within the networks: keystone (27) plant taxa that 
have substantial and disproportionate cascading 
effects across the multiple networks (Fig. 4). In 
practical terms, this information could be used to 
focus restoration management on plant taxa with 
the greatest potential to achieve efficient and pos- 
itive results for biodiversity and the resultant eco- 
system services. We found that the taxa that were 
most important relative to their abundance [that 
had the most influence on modeled robustness 
across the networks (/4)] tended to (1) be non- 
woody taxa, (ii) occur in noncropped ground, and 
(ili) be members of the Apiaceae and Asterace- 
ae families (Fig. 4, table S6, and fig. S3). Agri- 
environmental policies encouraging plants with 
high relative importance could provide benefits 
for biodiversity and so potentially support eco- 
system service provision, but because some of 
these plants are typically regarded as farmland 
weeds, this could be controversial. Any such po- 
licies would need to consider how these relation- 
ships are affected by the local farming system and 
landscape context (28), and would need to con- 
sider the balance of practicality (how these plants 
are affected by agricultural practice, including 
arable crop rotations), cost (impacts on crop yield/ 
profitability and detrimental effects on rare farm- 
land plants of conservation concern), and benefits 
(cascading effects on biodiversity and, potential- 
ly, ecosystem services). 

Agricultural change has been one of the main 
drivers of biodiversity loss in recent times (29), 
and yet during this period the importance of eco- 
system services provided by biodiversity, even in 
intensive agricultural systems, has become well 
recognized (30). Our approach, which included 
empirically constructing multiple linked networks 
for cropped and seminatural habitat at a whole-farm 
extent and modeling their response to environ- 
mental change, could become increasingly impor- 
tant for research on biodiversity and ecosystem 
services. The optimist’s scenario, of management 
targeted to benefit one animal group and inevita- 
bly resulting in multiple benefits for many differ- 
ent groups, was not supported by our modeling of 
empirical species’ interaction data from this site. 
Therefore, in order to bring benefits to a wide range 
of taxa, it is essential to have focused and ecolog- 
ically informed management, such as the targeted 
management of specific plant taxa based on their 
cascading effects within a network of networks. 
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Botulinum Neurotoxin Is Shielded by 
NTNHA in an Interlocked Complex 


Shenyan Gu,* Sophie Rumpel,” Jie Zhou,? Jasmin Strotmeier,2 Hans Bigalke,? Kay Perry,? 
Charles B. Shoemaker,* Andreas Rummel,” Rongsheng Jin?* 


Botulinum neurotoxins (BoNTs) are highly poisonous substances that are also effective medicines. 
Accidental BoNT poisoning often occurs through ingestion of Clostridium botulinum—contaminated 
food. Here, we present the crystal structure of a BoNT in complex with a clostridial nontoxic 
nonhemagglutinin (NTNHA) protein at 2.7 angstroms. Biochemical and functional studies 

show that NTNHA provides large and multivalent binding interfaces to protect BoNT from 
gastrointestinal degradation. Moreover, the structure highlights key residues in BoNT that 
regulate complex assembly in a pH-dependent manner. Collectively, our findings define 

the molecular mechanisms by which NTNHA shields BoNT in the hostile gastrointestinal 
environment and releases it upon entry into the circulation. These results will assist in the 
design of small molecules for inhibiting oral BoNT intoxication and of delivery vehicles for oral 


administration of biologics. 


he seven serotypes of botulinum neuro- 
[Lee (BoNT) (named A to G) are sequence- 

specific endopeptidases. They invade nerve 
cells at neuromuscular junctions, where they in- 
hibit the release of the neurotransmitter acetylcholine 
by cleaving SNAREs (soluble N-ethylmaleimide— 
sensitive factor attachment protein receptors), 
and subsequently paralyze the affected muscles 
(1). Although BoNT poisoning often occurs 
through oral ingestion of tainted food products, 
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the molecular mechanism by which BoNTs avoid 
destruction in the hostile environment of the 
gastrointestinal (GI) tract is unknown. 

Naturally occurring BoNTs are protected with- 
in progenitor toxin complexes (PTCs), which are 
high molecular weight multiprotein complexes 
composed of the BoNT and several nontoxic 
neurotoxin-associated proteins (NAPs) (2). The 
NAPs include the 140-kD NTNHA (nontoxic non- 
hemagglutinin), which together with BoNT forms 
the minimally functional PTC (M-PTC), and three 
hemagglutinin (HA) proteins, which assemble 
with the M-PTC and have been suggested to fa- 
cilitate BoNT transcytosis across the intestinal 
barrier (/, 3). The protecting function of the M-PTC 
is sufficiently effective that it reduces the oral 
median lethal dose (LDs0) of BoNT 10- to 20-fold 
compared with free BoNT (4, 5). Intriguingly, the 
protected BoNT is released from the PTC upon 
transition from acidic to neutral pH, as occurs dur- 
ing absorption from the intestine into the blood- 
stream (6). Once in the circulation, free BoNT travels 


to neuromuscular junctions, where it invades 
neurons. The molecular architecture of PTC is 
largely unknown, with the exception of two low- 
resolution structures revealed by electron crystal- 
lography (30 A) and electron microscopy (7, 8). 

We focused our study on the M-PTC of sero- 
type BoNT/A1 (referred to as BoNT/A) because 
it is a major cause of human botulism and is a 
concern for bioterrorism (9). We established a 
robust recombinant system in Escherichia coli to 
produce a genetically modified, catalytically in- 
active BoNT/A (~150 kD) that carries three mu- 
tations [Glu-4—>Gin*™*, Arg*?— Ala", and 
Tyr’ Phe* (E224Q/R363A/Y366F)] in the 
catalytic site (/0) and the corresponding full-length 
NTNHA-A1 (~140 kD, referred to as NTNHA-A) 
(11). BoNT/AP?4OR33A/¥306F adopts a structure 
essentially identical to that of wild-type BoNT/A 
(72) and is referred to here as BoNT/Ai (fig. S1 
and table S2). The free forms of BoNT/Ai and 
NTNHA-A are monomeric at pH = 6.0 and 7.5 
(fig. S2) and assemble into a monomeric M-PTC 
at pH = 6.0 with a dissociation constant (K,) of 
~30.8 nM and 1:1 stoichiometry, as analyzed by 
analytic ultracentrifugation (AUC) and isothermal 
titration calorimetry (ITC) (fig. S2 and table S1). By 
contrast, no assembly occurs at pH = 7.5. 

Free BoNT/Ai and NTINHA-A are inherently 
fragile, as shown by in vitro cleavage by diges- 
tive proteases such as trypsin and pepsin (Fig. 
1A). Free wild-type BoNT/A is inactivated by 
trypsin or by incubation at pH = 3 or less, on the 
basis of ex vivo mice phrenic nerve hemidia- 
phragm (MPN) assays (Fig. 1B). In contrast, the 
structural integrity and activity of BoNT/A is 
protected in the in vitro—reconstituted M-PTC at 
low pH, but not at neutral or alkaline pH (Fig. 1, 
A and B). Thus, the recombinant M-PTC faith- 
fully mimics the behavior of native M-PTC. 

To understand the molecular mechanism un- 
derlying BoNT/A protection and the pH-dependent 
assembly of the M-PTC, we determined a 2.7 A 
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resolution crystal structure of the M-PTC facili- 
tated by a BoNT/A-specific nanobody (/3), as 
well as the structure of a nanobody-free M-PTC 
at 3.9 A resolution (Fig. 1, C and D; figs. $3 and 
S4; and table S2). Nanobodies are the smallest 
antigen-binding fragments (~12 to 15 kD) of 
naturally occurring heavy-chain-only antibodies 
(VHH) present in camelids and have been ex- 
ploited as inhibitors of BoNTs (/3). The VHH binds 
on the surface of BoNT/Ai far from the NTNHA- 
A-interacting sites. It facilitates a more compact 
crystal packing and thus improves the diffrac- 
tion quality of the crystals (fig. S5 and table S3). 
The two independently solved crystal structures 
of the M-PTC are indistinguishable, demonstrat- 
ing that the structure presented here represents the 
physiological conformation of the M-PTC, inde- 
pendent of VHH or crystal packing (fig. S3B). 
BoNT/Ai and NINHA-A form an interlocked 
compact complex and bury an unusually large 
solvent-accessible area (~3600 A? per molecule) 
through multivalent interfaces (Fig. 1). BoNT/Ai 
is composed of a 50-kD light chain (LC, a Zn”*- 
endoprotease) and a 100-kD heavy chain (HC), 
which has two domains: The N-terminal domain 
(Hy) mediates LC translocation across the endo- 
somal membrane, whereas the C-terminal domain 
(He) is the receptor-binding domain (/). Unex- 
pectedly, the protective component NTNHA-A 
has a structure highly similar to BoNT/Ai despite 
a low sequence identity (~20%). NINHA-A also 
displays three domains that, when compared pair- 
wise with LC, Hy, or He, yield root mean square 
deviations of 2.2 A (314 Co. pairs), 2.3 A (300), 
and 1.9 A (319), respectively, and thus are termed 
nLC, nHy, and nHc (“n” indicates NTNHA) (Fig. 
1, C and D, and fig. S6). At the center of the com- 


Fig. 1. The architecture of the A 
M-PTC. (A) NTNHA-A protects BoNT/Ai 
against trypsin and pepsin diges- 

tion when they assemble into M-PTC 

in an acidic environment. (B) NTNHA-A 4 
protects active BoNT/A against low — 
pH—mediated inactivation. It also 


protects BoNT/A against trypsin in- = 


activation at pH = 6.0 but not at 
pH = 8.0. wt, wild type. (C) Cartoon 
presentation of the M-PTC. BoNT/Ai 
domains are blue (LC), orange (Hy), 
and green (H,). NTNHA-A domains 
are yellow (nLC), cyan (nHy), and red 
(nH). (D) Individual structures of 
BoNT/Ai and NTNHA-A in the M-PTC. 
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plex is the Hc fragment that is surrounded by all 
three domains of NINHA-A (table S4). Notably, 
He rotates about 140° around a linker connecting 
Hy and He, resulting in a distinct conformation in 
comparison to the free form of BoNT/A (Fig. 2) 
(/2). Complementing this, Hy also forms many 
polar interactions with nHy and nHc (Fig. 3, D 
and E). In contrast, LC does not bind NTNHA-A. 

Despite their similarities, a structural compar- 
ison between NTNHA-A and BoNT/Ai revealed 
several features specific to NTNHA-A (fig. S6). 
NTNHA-A does not possess most of the char- 
acteristic structural features of BoNT/A that are 
crucial to its functions: (i) nLC does not have the 
catalytic zinc-binding HExxH+E (H and x in- 
dicate His and any amino acid, respectively) sig- 
nature motif that is conserved among all BoNT 
serotypes; (ii) NTNHA-A does not have the ho- 
mologous long loop (Val*?! to Leu*?) that in 
BoNT/A connects LC and HC and is cleaved 
posttranslationally to activate BoNT/A; (iii) a 
functionally essential disulfide bond (Cys**°— 
Cys*** in BoNT/A) that is involved in trans- 
location of LC and is conserved in all BoNTs is 
not present in NINHA-A (/4); (iv) nHc main- 
tains the core structure of H¢ but has deletions in 
many surface areas that are not directly involved in 
BoNT/Ai binding; and (v) none of the ganglioside- 
binding residues of He, including the highly con- 
served ganglioside-binding motif (E+H+SxWY) 
(S and W indicate Ser and Trp, respectively) 
found in many BoNT serotypes, is conserved 
in NTNHA-A (J5, /6). 

NTNHA-A has a large insert in nLC (nGly''® 
to nAla'*’, termed the nLoop) that is not present 
in LC. Furthermore, the nLoop is conserved in 
NTNHA-A1, B, C, D, and G but is missing in 
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NTNHA-A2, E, and F (fig. S7). Notably, many 
of the known spontaneous nicking sites in NINHA 
are located in the nLoop (/7), and, consistent with 
this, we observed that recombinant NTNHA-A 
was nicked between nLys!*? and nLys!*4 during 
long-term storage. The nicking sites in NTNHA 
are masked in the HA-bound PTC, and the 
M-PTC that contains the nicked NTNHA can no 
longer assemble with HAs (/7, 18). Moreover, 
NTNHA-A2, E, and F, which lack the nLoop, do 
not have accompanying HA proteins and only 
form the HA-negative M-PTC (/9-2/). The 
crystal structure reveals that the nLoop is fully 
exposed on the M-PTC surface and has no vis- 
ible electron density, presumably because of its 
high flexibility (Fig. 1C). Collectively, these data 
suggest that the nLoop could participate in the 
interaction with HAs to assemble the larger PTCs. 

The conformation of BoNT/Ai in the M-PTC 
brings the receptor-binding site located in the 
C-terminal subdomain of H¢ close to the C-terminal 
boundary of the long rodlike Hy (Fig. 2). This 
conformation contrasts with crystal structures of 
the free BoNT/Ai (fig. S1), free BoNT/A, and free 
BoNT/B serotype, where the receptor-binding site 
in He points to the N-terminal boundary of Hy 
(12, 22-24). The He reorientation is mediated by 
a linker between Hy and He (Leu** to Thr®’® in 
BoNT/A, referred to as the Hy-He linker), which 
adopts an essentially identical structure in free 
BoNT/A and BoNT/B but changes its confor- 
mation in the M-PTC (Fig. 2 and fig. S8). The 
conformational change is likely induced by 
NTNHA-A rather than pH because the same 
conformation is adopted by all structures of 
free BoNT/A or BoNT/B crystallized at pHs 
ranging from 5.0 to 7.0 (12, 22-24). 
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We speculated that the flexible Hy-Hc linker 
may play a role in coordinating Hc-mediated re- 
ceptor binding and Hy-mediated translocation, 
given that the membrane-anchored receptors 
impose some geometric restrictions on the posi- 
tion of Hc with respect to the membrane surface 
(24, 25) and that the long helical Hy needs to stra- 


A 


N-term 


tegically orientate on the membrane to achieve ef- 
ficient translocation of LC to the cytosol (26-28). To 
test this, we produced two mutants of BoNT/A in 
which the structure of the Hy-Hc linker was altered 
by point mutations. BoNT/AR86!/P8e8P/K871P. con. 
taining the helix breaker proline (P) and where K 
indicates Lys, is expected to destabilize the helical 


BoNT/A & B free 


BoNT/A complex 


Fig. 2. The Hc fragment of BoNT/A can rotate around a linker connecting Hy and Hc. (A) Superposition 
of the free and complex forms of BoNT/A based on Co. atoms in LC and Hy. Hc of free BoNT/A is violet; 
LC and Hy are omitted for clarity. Linkers in the free and complex forms of BoNT/A are gray and red, 
respectively. (B) Cartoon model showing two distinct conformations of BoNT/A that bring the receptor- 
binding site in Hc (red star) close to the opposite tip of the long helical Hy. 
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Fig. 3. M-PTC is stabilized by extensive intermolecular interactions. (A to C) Hc 
interacts with all three domains of NTNHA-A. The overall structure of the M-PTC 
is shown in (B), where NTNHA-A is in surface representation (gray) and BoNT/Ai 
is blue, orange, and green for LC, Hy, and Hc, respectively. Open-book views of 
the interfaces highlighted in the red and blue boxes are shown in (A) and (0), 
respectively. Residues in He that form hydrogen bonds or salt bridges with nLC, 


1. He wild-type 


REPO 


linker, whereas BoNT/AS?K183ET867K ith 
extra ion pairs and T indicating Thr, will likely 
stabilize the helical structure. The two BoNT/A 
mutants showed wild-type—like characteristics with 
respect to protein folding, receptor binding capa- 
bility, Zn°*-endoprotease activity, and NTNHA-A 
binding (fig. S9). However, the toxicity of both 
mutants was significantly decreased by ~sixfold 
in the MPN assay. Although the exact conforma- 
tions of the two mutants are not known, we con- 
clude that the observed decrease in toxicity is due 
to the disrupted coordination between Hy and 
He, leading to decreased efficiency of LC trans- 
location. These data further suggest that any dis- 
turbance in the structural integrity of the Hy-Hc 
linker may affect the optimal positioning of Hc 
and Hy during BoNT intoxication. Thus, the struc- 
tural features of the Hy-Hc linker might rep- 
resent a serotype-specific signature for the various 
BoNTs. For example, BoNT/E serotype has a 
more rapid LC translocation, which has been sug- 
gested to result from its intrinsically more flex- 
ible linker (fig. S8) (27, 29). 

To validate the physiological relevance of the 
M-PTC structure, we performed systematic trun- 
cation studies. The isolated He fragment bound 
to NTNHA-A with high affinity at pH = 6.0 (Ka ~ 
48.3 nM) but not at pH = 7.5 and thus largely 
replicated the binding behavior of full-length 
BoNT/Ai. Consistent with this, the Hc-deleted 
BoNT/Ai (LHy) no longer bound NTNHA-A 
(fig. S10). BoNT/Ai has a larger unfavorable bind- 


nkeaa nQt107 
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6. Hc-D1118A 
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2. Hc-E982A 7. He-D1171A 

3. Hc-E982Q 8. Hc-K1000A 

4. Hce-D1037A 9. He-K1000A/K1039A 
5.Hc-D1037N — 10. He-K1000A/K1039A/K1121A 


nHy, or nH¢ are yellow, cyan, and red, respectively. C, Cys; |, Ile; V, Val. (D) 
Open-book view of the interface highlighted in the red box of (E). Hy directly 
contacts nHc (interacting residues shown in red) and nHy (cyan), but not nLC. 
(F) Precipitation assays between full-length NTNHA-A (prey) and Hc variants 
(baits). Bar graph shows mean + SD, n = 3 (n is the number of assays). Binding 
of samples 8 to 10 at pH = 7.5 was not detectable. 
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ing entropy than Hc (AAS ~—16.8 cal mol | K ') 
(table S1), which could be due to a loss of con- 
formational entropy of BoNT/Ai upon NTNHA-A 
binding and may be related to the reorientation 
of He. Truncating nHc or the C-terminal sub- 
domain of nHe (nH¢ec) in NTNHA-A abolished 
the protective function of NTNHA-A at pH = 2, 
suggesting that nH¢ is crucial for shielding the 
sensitive Hc of BoNT/A (Fig. 1B). 

Additional support for the M-PTC structure is 
provided by structure-based mutagenesis studies. 
Interactions between Hc and NTINHA-A were 
gradually weakened as more intra-PTC charge- 
charge interactions were disrupted: The binding 
affinity at pH = 6.0 decreased in the order of 
Hc-K1000A > He-K1000A/K1039A > 
Hc-K1000A/K1039A/K1121A (Fig. 3F and fig. 
S10). Even a single point mutation, H--K1000A, 
significantly decreased the binding affinity by 
~sevenfold (Kg ~ 337.5 nM). The Hc-centered 
protection by NINHA-A is biologically relevant. 
Although the integrity of Hc is crucial to enrich 
BoNT/A on the neuron surface at the early stage 
of intoxication, it is much more sensitive to 
proteolysis than LC and Hy in the free BoNT/A 
(30, 31). 

To understand how a pH change can trigger 
the disassembly of the PTC, we focused on Hc 
because it largely replicates the binding features 
of full-length BoNT/Ai. We specifically concen- 
trated on residues located in the complex inter- 
face that are titratable in an acidic environment 
(e.g., His, Glu, and Asp). We found four acidic 


BoNT/A 


NTNHA-A 


Fig. 4. A pH-sensing mechanism. A close-up view 
of pH-sensing residues Glu?® and Asp?°2”, which 
are buried in the M-PTC in the vicinity of intra- 
PTC charge-charge interactions. Key residues in 
the interface are shown as ball-and-stick models. 
Hydrogen bonds and charge-charge interactions are 
indicated by dotted lines. A simulated-annealing 
omit map of the M-PTC contoured at 1 o was 
overlaid with the final refined model. 


residues in Hc, each of which is located in the 
vicinity of an intra-PTC salt bridge or a long-range 
electrostatic interaction: Glu’ is near Lys'°°’— 
nAsp*®: Asp'37, Lys!©9nGiu®!®. Asp!!8, Lys! 
nAsp*®: and Asp!!”!, Arg!!75_nAsp!"!° (Fig, 4 
and fig. S11). Our mutagenesis studies show 
that these charge-charge interactions are crucial 
for the assembly of the M-PTC (Fig. 3F). Analyz- 
ing the surface electrostatic potentials shows that 
BoNT/Ai is generally positively charged around 
these acidic residues, whereas the opposing 
NTNHA-A surface is largely negatively charged 
(fig. S11). Therefore, negatively charged BoNT/Ai 
residues in these areas pose an unfavorable force, 
which could potentially weaken the local elec- 
trostatic interactions in a pH-dependent manner. 

To address the potential roles of these acidic 
residues in pH sensing, we mutated them indi- 
vidually to nontitratable residues. Single point 
mutants of the Hc fragment (E982A, D1037A, 
D1118A, or D1171A, where D indicates Asp) all 
folded correctly (fig. S12) and bound NTNHA-A 
at pH = 6.0 to a similar extent as the wild-type 
He. He-E982A and Hc-D1037A showed signif- 
icant binding to NTNHA-A at pH = 7.5 (Fig. 3F 
and fig. S10). Thermodynamic studies showed 
that Hc-E982A binds to NTNHA-A at pH = 6.0 
similarly to the way the wild-type Hc does, pre- 
dominantly driven by enthalpy (Ky ~ 39.4 nM); it 
also binds to NTNHA-A at pH = 7.5, driven by 
both enthalpy and entropy (Kg ~ 279.5 nM) (table 
S1). Furthermore, a single mutation of E982A 
significantly increased binding between the full- 
length BoNT/Ai and NTINHA-A at pH = 7.5, as 
measured in a precipitation assay (~20% binding 
by mutant versus <5% by the wild-type protein). 
These data suggest that Glu’** and Asp!” are 
important pH-sensing residues that modulate the 
pH-dependent assembly of the M-PTC. 

The pK, (where K, is the acid dissociation 
constant) of the ionizable groups in proteins may 
be substantially shifted from the intrinsic pK, 
depending on the microenvironment surrounding 
these groups (32). Glu” and Asp'™” of BoNT/A 
are predicted (33) to have clearly increased pK, 
values upon binding to NTNHA-A, partly because 
of desolvation effect when they are buried in the 
context of the M-PTC. Thus, Glu?*? and Asp! 7 
are likely protonated at pH = 6.0 as their pK, 
values increase during the BoONT/A-NTNHA-A 
interaction, leading to a stable M-PTC. In con- 
trast, these residues are deprotonated in a neutral 
or alkaline environment, generating repulsive 
charge interactions with NTNHA-A to destabilize 
the M-PTC assembly. We replaced Glu”? and 
Asp'3’ with the isosteric, nontitratable residues 
Gln and Asn (N), respectively, to mimic their 
protonated state. Both H--E982Q and H--D1037N 
showed significant binding with NTNHA-A at 
pH = 7.5, further supporting the pH-sensing role 
of these two residues (Fig. 3F and fig. S10). At 
the same time, thermodynamic studies revealed 
a loss of enthalpy on binding of Hc-E982A to 
NTNHA-A at pH = 7.5 compared to pH = 6.0 
(AAH ~6.3 kcal mol ') (table $1), suggesting 


that the protein-protein interaction network be- 
tween Hc and NINHA-A is partly impaired at 
pH = 7.5. Thus, additional pH-sensing components 
might exist in He that become fully engaged in 
binding with NTNHA-A only at pH = 6.0. 

Collectively, these data suggest that the as- 
sembly of the M-PTC is dynamically regulated 
by key pH-sensing residues that switch protonation 
states in response to the environmental pH. These 
interaction sites would likely be the most malleable 
parts of the PTC and could be specifically targeted 
for the development of small-molecule inhibi- 
tors to break up the PTC in the acidic GI tract. A 
pharmacological approach such as this, which 
focuses on preventive countermeasures at the 
earliest stage of BoNT intoxication, would com- 
plement current efforts to design inhibitors that 
block the subsequent neuronal action of BoNT. 
Our results also suggest mechanisms for the de- 
velopment of an oral drug delivery system in 
which proteinaceous drugs could be conjugated 
to a BoNT fragment and protected from degra- 
dation with NTNHA. 
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Single-Molecule Fluorescence 
Experiments Determine Protein 
Folding Transition Path Times 


Hoi Sung Chung,* Kevin McHale, John M. Louis, William A. Eaton* 


The transition path is the tiny fraction of an equilibrium molecular trajectory when a transition 
occurs as the free-energy barrier between two states is crossed. It is a single-molecule property that 
contains all the mechanistic information on how a process occurs. As a step toward observing 
transition paths in protein folding, we determined the average transition-path time for a fast- and 
a slow-folding protein from a photon-by-photon analysis of fluorescence trajectories in single- 
molecule Forster resonance energy transfer experiments. Whereas the folding rate coefficients 
differ by a factor of 10,000, the transition-path times differ by a factor of less than 5, which shows 
that a fast- and a slow-folding protein take almost the same time to fold when folding actually 
happens. A very simple model based on energy landscape theory can explain this result. 


heterogeneous, so that an individual un- 

folded molecule can self-assemble to form 
its biologically active, folded structure by means 
of many different sequences of conformational 
changes (/). The distribution of these folding path- 
ways can now be calculated from atomistic mo- 
lecular dynamics simulations (2-6). Information 
on pathway distributions from experiments must 
come from measurements on single molecules, 
because only average properties are obtained in 
experiments on the large ensemble of molecules 
in bulk experiments. A single-molecule, equilib- 
rium protein folding-unfolding trajectory is illus- 
trated in Fig. 1, as monitored by Forster resonance 
energy transfer (FRET) spectroscopy, and its rela- 
tion to the free-energy barrier as it crosses be- 
tween the folded and unfolded states is shown. 
The most interesting part of the trajectory is con- 
tained in what appears to be an instantaneous 
jump between the two states, called the transition 
path, which contains all of the information on the 
mechanism of folding and unfolding. The first 
step toward observing transition paths in protein 
folding, which we report here, is the determination 
of its average duration (transition-path time) for a 


T= predicts that folding mechanisms are 
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fast-folding, all-8 protein [39-residue formin-binding 
protein (FBP) WW domain] shown to be two-state 
in ensemble studies (7, 8), as well as a markedly 
reduced upper bound compared with our previ- 
ous study for the 56-residue, o/B protein GB1 
(the B1 immunoglobulin-binding domain of pro- 
tein G from Streptococcus) (9). In contrast to a rate 
coefficient, which measures the frequency of a 
transition, the transition-path time is the duration 
of a successful barrier-crossing event (Fig. 1). 

The strategy used in this study is to illumi- 
nate dye-labeled protein molecules at very high 
intensities to increase the number of detected pho- 
tons per transition path, to discard the majority 
of photons from the less-interesting segments of 
the trajectories between transitions, and to ana- 
lyze the transition region with a maximum like- 
lihood method by using simple models for the 
transition path. 

Photon trajectories were measured for immo- 
bilized WW domain and protein GB1 molecules 
with donor and acceptor fluorophores attached 
to cysteines incorporated into the proteins (Fig. 2). 
In these trajectories, two properties of each pho- 
ton were recorded—the color, either donor green 
or acceptor red, and the absolute time of arrival 
to within ~0.5 ns. As shown in Fig. 3, A and B, 
transitions between states are clearly resolved in 
the binned fluorescence and photon trajectories, 
and the FRET efficiency distributions (Fig. 3, C 
and D) are bimodal, which indicates the presence 
of two states. The photon trajectories were ex- 


tracted from the region near the transitions and 
analyzed using the Gopich-Szabo maximum like- 
lihood method (/0). 

For a given model, the Gopich-Szabo meth- 
od calculates the parameters of the model that 
can most accurately reproduce the photon tra- 
jectories (Fig. 3). We adopt a one-step model for 
the transition path, which may be viewed as the 
simplest discrete representation of how the 
FRET efficiency changes along the path. This 
picture can be represented in a kinetic model for 
a two-state system with a finite transition path 
by introducing a third virtual state, S, for which 
the FRET efficiency is midway between the 
folded and unfolded states [Eg = (Ep + Ey)/2]. 
In this model, the lifetime of S (tg) corresponds 
to the average transition-path time, (frp) (Fig. 4A). 
S has the property of a transition state, because 
the rate coefficients from S to F and S to U (ks) 
are the same, and therefore, the prog = 1%. 

The likelihood function for the jth photon 
trajectory is (10): 


N 


awe IT AF) exp[(K — n)t]} NF(c1 )Vini 
(1) 


Here, K is the rate matrix [equation S6 (//)] 
containing the three rate coefficients (kp, ky, 
and kg), N is the number of photons in the jth 
trajectory, c; is the color of the ith photon (donor 
or acceptor), and 7; is a time interval between 
the ith and (i — 1)th photons as shown in fig. 
S4B (/1). The photon color matrix F depends 
on the color of a photon as F(acceptor) = E and 
F(donor) = I — E, where E is a diagonal matrix 
with elements that are FRET efficiencies of 
the three states (F, S, and U), and I is the unit 
matrix. n is a diagonal matrix with elements 
that are photon count rates of the three states. 
Vini and Vy, are vectors that describe the state 
(folded or unfolded) at the beginning and the 
end of the trajectory. Practically, log-likelihood 
functions were calculated, and the total log like- 
lihood function of all trajectories was calcu- 
lated by summing the log-likelihood functions 


(InZ = by In L;) of individual trajectories that 
J 


contain a transition between folded and unfolded 
states. In the likelihood function ZL, tgs is the only 
variable parameter (//). 
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The difference of the log-likelihood functions, 
Aln L = In L(ts) — In L(0), as a function of tg, is 
plotted in Fig. 4B for the WW domain. This 
function was calculated from 527 transitions be- 
tween the folded and unfolded states. In this plot, 
the likelihood at ts = 0, L(0) = lim, L(ts) is the 
value for a two-state model where every transition 
between folded and unfolded states is instan- 
taneous, i.e., it occurs faster than the shortest 
photon interval. Therefore, the plot displays how 
much better (or worse) a two-state model with a 
finite transition-path time describes the photon 
trajectories than a two-state model with an instan- 
taneous transition. There is a highly significant 
peak in the likelihood function in Fig. 4B at 16 
(+3) us. (The error is the standard deviation ob- 
tained from the curvature of the peak.) Simu- 
lations of photon trajectories show that, if Aln Z 
at the peak is higher than a certain confidence 
level, the value of tg at the peak corresponds to 
the assumed tg and does not arise from statis- 
tical fluctuations (fig. S6) (//). We used a confi- 
dence level that satisfies a condition L(ts)/[L(ts) + 
L(0)] = 0.95, which assures 95% confidence in 
the significance of the maximum and corresponds 
to Aln L = 3 (the dashed horizontal lines in Fig. 
4). The value of 16 us at Aln ZL = 7.8 is therefore 
a well-determined quantity and corresponds, in 
our model (Fig. 4A), to the average transition- 
path time (frp). That (trp) is the same for fold- 
ing and unfolding transitions is shown in fig. 
S5 (11), which is consistent with the require- 
ment of microscopic reversibility that (trp) for 
a barrier crossing be the same in both direc- 
tions (/2). 

To extrapolate the value of (frp) to the vis- 
cosity in the absence of glycerol, we determined 
the rate coefficients at different viscosities (table 
S1) (//). Using a linear free-energy relation to 
account for the change in stability resulting from 
the addition of glycerol and guanidinium chlo- 
ride (GdmC)l), we find that the rate coefficients 
for folding and unfolding depend inversely on the 
first power of the viscosity (//), so (trp) should 
scale the same way (see Eqs. 2 and 3 below). 
Because the viscosity of 3 M GdmCl in 50% 
glycerol solution is found to be 10 times that of 
2 M GdmCl (//), our best estimate of (fp) in 
the absence of a viscogen at 293 K is ~2 us. 

We have used the simplest possible model 
for determining (frp). However, more realistic 
models that depict a more gradual change in the 
FRET efficiency along a transition path—with 
two and three steps in the FRET efficiency in 
the transition path between states instead of just 
one (Fig. 4A)—yield very similar values for (¢rp) 
(fig. S9) (7). We also found that the value of 
(trp) is not sensitive to the choice of the FRET 
efficiency for S, as long as the value is between 
the two FRET efficiencies of the folded and un- 
folded states (0.6 < Eg < 0.7) (fig. S7) (//). 

For proteins with very low free-energy bar- 
riers, it may be possible to estimate (¢pp) from en- 
semble measurements. Gruebele and co-workers 
have studied the kinetics of the ultrafast-folding, 


33-residue FiP35 WW domain, which has a very 
similar fold to that of our WW domain (FBP28) 
and ~30% sequence identity (/3). Prior to the 
~10-us folding-unfolding relaxation at the melting 
temperature of ~350 K, a ~1.5-us relaxation was 
observed, which was called a “molecular phase” 
and attributed to a change in the small pop- 
ulation of molecules at the top of a low free- 
energy barrier in response to the temperature 
jump. No molecular phase was observed for 
the FBP WW domain (7), presumably because 
it is a slower folder owing to a higher barrier, 
and there is therefore no detectable amplitude 
from the change in the barrier top population. In 
this interpretation, Gruebele’s ~1.5-us relaxation 
corresponds to the lifetime, ts, of our kinetic 
model for the transition path (Fig. 4). 

Shaw and co-workers have simulated equi- 
librium trajectories of the FiP35 WW domain 
using all-atom molecular dynamics calculations 
(4). They found (tp) to be 0.5 (£0.1) us at 360 K 
using the TIP3P explicit water model (6). After 
rescaling for the difference in viscosity compared 
with real water, the simulated (¢;p) becomes ~1.5 Us 
(/4). Although the sequences for the two WW 
domains are different, the finding of similar val- 
ues for (¢pp) from the simulations and both en- 
semble and single-molecule experiments provides 
support for the accuracy of the simulations, 
for Gruebele’s interpretation of the molecular 
phase, and for our interpretation of the single- 
molecule photon trajectories. 

The folding time of protein GB1 in 4 M urea 
is ~1 s. This time is far too long to observe 
folding transitions in trajectories simulated by 
atomistic equilibrium molecular dynamics, which 
makes even an upper bound for the transition- 
path time an interesting quantity. In previous work 
(9), we were able to determine an upper bound 
of ~200 us, based on an analysis of individual 
trajectories. The photon count rate in those ex- 
periments was only 50 ms’, and the average 
time before photobleaching was ~100 ms. In the 
present experiments, the much higher count rate 
of 350 ms! from the increased illumination in- 
tensity, together with the collective analysis using 
the maximum likelihood method, has allowed 
us to determine a much more accurate upper 
bound. The penalty for the higher photon count 
rate is that the lifetime of the trajectories is short- 
ened to ~10 ms by the more intense illumination, 
and transitions, albeit clearly resolved (Fig. 3B), 
are only observed in a very small fraction of the 
trajectories. Measurement at 4 M urea (with no 
added glycerol) of trajectories for ~47,000 mol- 
ecules yielded just 114 transitions. 

These 114 transitions were analyzed with the 
same model as for the WW domain. No peak is 
observed in the Aln Z versus tgs plot (Fig. 4C), 
SO (frp) 1s too short to measure. Nevertheless, 
the analysis permits a determination of an upper 
bound for (frp). By analogy to the significance 
of the peak for the WW domain, we can set a 
confidence level for the answer to the question: 
How long can (frp) be before it becomes in- 


consistent with the data? The 95% confidence 
level that tg in a two-state model with a finite 
transition path is less consistent with the photon 
trajectories than a two-state model with an in- 
stantaneous transition path is given by its value 
at Aln L ~ —3. In other words, (trp) cannot be 
longer than ts at Aln Z = —3 and is therefore an 
upper bound on (frp). As shown in Fig. 4C, this 
upper bound is ~10 us. 

The major result of our experiments is that, 
whereas the folding rate coefficients for the WW 
domain and protein GB1 differ by four orders 
of magnitude, 10* s' and 1 s ", the transition- 
path times differ by less than fivefold (~2 us and 
<10 us), which shows that a fast- and a slow- 
folding protein take almost the same time to fold 
when folding actually happens. 

It is interesting that a simple model by A. 
Szabo, based on describing the kinetics of fold- 
ing for a two-state system as diffusion over a bar- 
rier on a one-dimensional free-energy surface 


Transition 
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Unfolded 
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Fig. 1. Schematic of a folding transition path for 
a two-state protein. (A) The kinetics of protein fold- 
ing is described by energy landscape theory as dif- 
fusion on a one-dimensional free-energy surface 
with an order parameter (x) as a reaction coordinate 
(1, 15, 25, 26). The unfolded molecule spends the 
vast majority of time visiting a large number of 
conformations in the free-energy well of the un- 
folded state. A transition path is the part of the 
trajectory that crosses the reaction coordinate x at 
Xo and reaches x, on the other side of the barrier 
without recrossing Xo (12). The duration of this part 
is the transition-path time. (B) FRET efficiency tra- 
jectory. In the typical experiment, the donor and ac- 
ceptor FRET fluorophores are attached to cysteine 
residues, which are closer on average in the folded 
state (higher FRET efficiency) than in the unfolded 
state (lower FRET efficiency). The duration of 
the jump in the FRET efficiency trajectory is the 
transition-path time. The FRET efficiency monitors 
reconfiguration of the polypeptide backbone to 
form the native fold but is most probably blind to 
the annealing of side chains. Consequently, the 
transition path measured by FRET is expected to 
be shorter than the transition path monitored by 
side-chain contacts, for example, in a molecular 
dynamics simulation (6). 
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as in the energy landscape theory of Wolynes, 
Onuchic, and co-workers (/, /5), can explain this 
result. According to Kramers’ theory for such a 
barrier crossing (Fig. 1A), the folding time (tp = 
l/kg) is given by: 


TR = 


«exp (BAG ) = to exp (BAG; ) 
(2) 


where D* is the diffusion coefficient at the 
barrier top, @” is the curvature of the unfolded 
well (near xo in Fig. 1A), -(@*)? is the cur- 
vature at the barrier top, B = 1/kgT (where kg 
is Boltzmann’s constant and 7 is temperature), 
and AGz* is the height of the folding free-energy 
barrier (6-20). For @ = @*, (frp) 1S approxi- 


mately given by (9, /2): 
TO TE : 
= —InIn 3 
2n (=) (3) 


The model predicts that (trp) is insensitive to 
the barrier height and that fast- and slow-folding 
proteins will have similar transition-path times 
as long as there are only small differences in 
the curvatures and the diffusion coefficients (i.e., 
small difference in to). The diffusion coefficient 
depends on the roughness of the underlying en- 
ergy landscape and could therefore differ sub- 
stantially among proteins (2/—23). The best 
current estimate for t) of fast-folding proteins 
is ~1 us (24), which predicts a ratio of (frp) 
for protein GB1 and the WW domain of 1.4, 
compared with the experimental ratio of <S, if 
we assume the same 1 for the two proteins. 
This ratio varies from 1.3 to 1.8 for t9 between 
0.1 and 10 us. 

Our determination of an average transition- 
path time is a first step toward the goal of obtain- 
ing information on the distribution of folding 
pathways from measurements of interdye distance 
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Fig. 2. Schematic of immobilized folded proteins 
showing donor (green-emitting) and acceptor (red- 
emitting) fluorophores. The proteins are attached to 
a polyethyleneglycol (PEG)—coated glass surface via 
a biotin-streptavidin-biotin linkage (21). 


Protein GB1 


versus time trajectories during transition paths. 
However, the result of this first step by itself has 
turned out to be extremely interesting. Folding in- 
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volves a complex and intricate rearrangement of a 
polypeptide chain to form a unique structure, yet 
the time for this nontrivial self-assembly process 
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Fig. 3. Representative fluorescence and photon trajectories and FRET efficiency histograms of WW domain 
and protein GB1. (A and B) For the fluorescence trajectories—donor (green) and acceptor (red)—photons were 
collected in 50-us bins for the WW domain and in 100-us bins for protein GB1. Measurements were made 
at 293 K at high illumination intensity (A) in 3 M GdmCl in 50% glycerol for the WW domain (20 kW/cm?, 
~650 photons/ms) and (B) in 4 M urea for protein GB1 (10 kW/cm?, ~350 photons/ms). Strings of arrival 
times and colors of donor and acceptor photons (photon trajectories) in the transition region (the 80-us 
yellow-shaded regions) are displayed below the binned fluorescence trajectories. Dashed vertical lines in 
the photon trajectories indicate the most probable transition interval found by the Viterbi algorithm (22). 
The absolute times refer to the start of data collection, ~100 ms before the laser was turned on. (C and D) 
FRET efficiency histograms. The mean FRET efficiencies for the WW domain were calculated (C) for each of 
the 50-us bins for the trajectories with the mean photon count rate >400 ms and (D) for folded and 
unfolded segments of protein GB1 containing ~2500 photons. 
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Fig. 4. Determination of average A 
transition-path times in a kinetic mod- 
el. (A) Schematic of a FRET efficiency 
trajectory using a one-step model to 
describe the transition path from un- 
folded (U) to folded (F) states for a 
protein exhibiting two-state kinetics 
and thermodynamics. The average B 
transition-path time, (f;p), is equal to 
the lifetime of a virtual intermedi- 
ate state S [t, = (2k.) *]. (B and C) 
The difference of the log likelihood, 
Aln L = In L(t<) — In L(0), between the 
two-state model with a finite transition- 
path time and a two-state model 
with an instantaneous transition-path 


AlnL 


(trp) 


upper bound 


time is plotted as a function of t, (B) 
for the WW domain in 3 M GdmCl 
in 50% glycerol and (C) for protein 
GB1 in 4 M urea. The horizontal 


y 
10° 10° 10 
Tg (ms) 


4 


dashed line at Aln L = +3 represents the 95% confidence limit for the significance of the peak in (B), 
and the intersection of the likelihood function with the horizontal dashed line at Aln L = —3 in (Q) 
yields the 95% confidence limit for the upper bound of ts. 


is almost the same for two proteins with different 
topologies and vastly different folding rates. 
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The Alanmin Interleukin-33 Drives 
Protective Antiviral CD8* T Cell Responses 
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Pathogen-associated molecular patterns decisively influence antiviral immune responses, whereas 
the contribution of endogenous signals of tissue damage, also known as damage-associated 
molecular patterns or alarmins, remains ill defined. We show that interleukin-33 (IL-33), an 
alarmin released from necrotic cells, is necessary for potent CD8* T cell (CTL) responses to 
replicating, prototypic RNA and DNA viruses in mice. IL-33 signaled through its receptor on 
activated CTLs, enhanced clonal expansion in a CTL-intrinsic fashion, determined plurifunctional 
effector cell differentiation, and was necessary for virus control. Moreover, recombinant IL-33 
augmented vaccine-induced CTL responses. Radio-resistant cells of the splenic T cell zone produced 
IL-33, and efficient CTL responses required IL-33 from radio-resistant cells but not from 
hematopoietic cells. Thus, alarmin release by radio-resistant cells orchestrates protective antiviral 


CTL responses. 


(PAMPs) characterize intruding microorga- 
nisms and are important for adaptive im- 
mune responses to viral infection (/). Conversely, 
endogenous molecular patterns, which indicate 


Presence molecular patterns 


tissue injury, are referred to as alarmins and form 
a second class of damage-associated molecular 
patterns (DAMPs) (2). Unlike PAMPs, the poten- 
tial contribution of alarmins to antiviral immune 
defense remains largely elusive. 


Many viruses are excellent inducers of cyto- 
toxic CD8* T lymphocytes (CTLs) (3), the basis 
of which is incompletely understood. To screen 
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for inflammatory signals augmenting antiviral CTL 
responses, we used lymphocytic choriomeningitis 
virus (LCMV) infection of mice. We performed 
a genome-wide cDNA expression analysis of total 
spleen tissue from LCMV-infected mice and com- 
pared it to an analysis of uninfected controls. 
From a large panel of interleukins and pro- 
inflammatory cytokines, interferon-y (IFN-y) and 
IL-33 were most up-regulated (table S1). The IL-33 
receptor ST2, an IL-1 receptor family member also 
known as T1 and IL1RL1, was also up-regulated. 

IL-33 is expressed in the nucleus of non- 
hematopoietic cells, such as fibroblasts and ep- 
ithelial and endothelial cells of various tissues 


(4), but its role in antiviral CTL responses is un- 
known. Its bioactive pro-inflammatory form is 
released as a result of necrosis but not apoptosis, 
classifying IL-33 as an alarmin (5—7). IL-33 mRNA 
expression peaked at 3 to 5 days after infection 
and grossly paralleled the kinetics of LCMV 
RNA (Fig. 1A). To test whether IL-33 was im- 
portant for CTL responses to LCMV, we per- 
formed infection experiments in IL-33—deficient 
(11337) mice (8). Absence of IL-33 reduced the 
absolute number of CTLs responding to the im- 
munodominant LCMV epitope GP33 by >90%. 
The frequency of epitope-specific CTLs was re- 
duced by >75% (Fig. 1B). When expressed as a 


nuclear factor in healthy cells, IL-33 is com- 
plexed with chromatin and modulates gene ex- 
pression (9). Upon release from necrotic cells, 
however, IL-33 binds and signals through ST2 
(0, 11). To assess which one of these roles of 
IL-33 accounted for defective CTL responses in 
1133’ mice, we used transgenic mice expressing 
a soluble decoy receptor for IL-33 [///rll-Fc 
mice (/2)]. Ilrll-Fc mice displayed defective 
CTL expansion analogously to 1/33’ mice (fig. 
S1A). Mice lacking the IL-33 receptor ST2 
[rll (13)] also mounted similarly reduced 
responses to all three LCMV epitopes tested (Fig. 
1C and fig. S1, B and C). This indicated that 
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Fig. 1. The IL-33—ST2 pathway drives protective CTL responses to replicating 
viral infection. (A) Kinetic analysis of IL-33 and LCMV RNA expression in the 
spleen after LCMV infection. Symbols represent the mean + SEM of four 
mice. N = 1 (N refers to the number of times an experiment was performed). 
(B and C) The number of GP33-specific CTLs in the spleen, as detected by 
peptide—major histocompatibility complex (MHC) tetramer staining, on day 
8 after LCMV infection. Bars represent mean + SEM of five mice. V = 1 (B) or 
3 (CQ. (D) Epitope-specific CTLs of WT and /l1rl1~”~ mice responding to 
replicating WT LCMV infection or to replication-deficient rLCMV vectors. Bars 
represent the mean + SEM of five mice. NV = 2. P < 0.0001 by one-way 
analysis of variance (ANOVA). Results of Bonferroni's posttest are indicated. 
n.s., not significant; *P < 0.05; **P < 0.01. (E and F) WT mice were 
vaccinated with recombinant VV vector expressing LCMV-GP (E) or with 
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GP33-carrying VLPs (F) on day 0 and were treated with IL-33 or diluent 
[phosphate-buffered saline (PBS)] daily from day 1 to 7, and CTL responses 
were determined on day 8. Bars represent the mean + SEM of four to five 
mice. N = 2 (E) or 1 (F). (G) Viremia after infection with 2 x 10° plaque- 
forming units (PFU) of LCMV-WE. Symbols represent the mean + SEM of five 
mice. NV = 2. (H) Splenic MHV-68 titers on day 10 after infection. Bars 
represent the mean + SEM of five mice. N = 1. (I) Pulmonary VV titers on day 
8 after infection. Bars represent the mean + SEM of four to five mice. NV = 1. 
(J) Incidence of choriomeningitis after intracerebral LCMV infection. 
Terminally diseased animals were killed in accordance with Swiss law. Survival 
was compared by using the log rank test. Groups of six mice were used. One of 
two similar experiments is shown. Unpaired two-tailed student's t test was used 
for statistical analysis in (B), (C), (E), (F), (H), and (I). 
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IL-33 was released to the extracellular compart- 
ment and signaled through ST2 to amplify anti- 
viral CTL responses. 

Analogous to the responses against LCMV, 
an RNA virus, I/rlI~* mice also exhibited sig- 
nificantly reduced CTL responses against murine 
y-herpesvirus 68 [MHV-68 (/4)], a DNA virus 
(fig. S1D). In further analogy to LCMV, MHV-68 
induced IL-33 mRNA up-regulation (fig. S1E). 
The differences in CTL responses to LCMV and 
MHV-68 were also reflected in reduced antigen- 
specific cytotoxicity (fig. S1, F and G). However, 
CTL responses to a nonreplicating adenovirus- 
based vaccine vector were similar in [/JrlI-” 
and wild-type (WT) mice (fig. S1H). 

Given IL-33 can act as an alarmin, we hy- 
pothesized that productive viral replication may 
represent a unifying characteristic of LCMV and 
MHV-68 infection, differentiating them from 
adenoviral vectors. Indeed, the CTL responses 
of WT and Il/ril~’ mice to replication-deficient 
LCMV-based vaccine vector (/5) were indistin- 
guishable, and the magnitude of these responses 
was comparable to the magnitude of responses 
observed in WT LCMV-infected I//rlI” mice 
(Fig. 1D). Further, Z/rll~/” mice mounted de- 
fective CTL responses against WT vaccinia virus 
(VV), whereas attenuated [thymidine kinase— 
deficient (/6)] VV-based vectors induced com- 
parable responses in J//rlI’’ and WT controls 
(fig. SID. Thus, we hypothesized that exogenous- 
ly administered IL-33 could mimic viral replica- 
tion to enhance vaccine-induced CTL responses. 
Indeed, recombinant IL-33 significantly aug- 
mented CTL responses to VV-based vectors and 
viruslike particles (VLPs) (Fig. 1, E and F). 

CTLs play a pivotal role in the resolution of 
primary viral infection (14, 17). IUrlI-/ mice 
controlled low-dose LCMV infection (fig. S1J) 
but displayed elevated viremia after high-dose 
LCMV infection and often progressed to viral 
persistence, whereas WT control mice eliminated 
the virus (Fig. 1G and fig. S1K). ST2-deficient 
mice also displayed a log increase in splenic MHV- 
68 titers and three logs increase in pulmonary VV 
titers (Fig. 1, H and I). LCMV-neutralizing anti- 
body responses were comparable in JIrlI-/ 
mice and WT controls (fig. S1L), suggesting that 
defective CTL responses of I/Irll’’ mice were 
at the root of impaired LCMV control. 

LCMV can cause lethal CTL-mediated im- 
munopathologic disease of the central nervous 
system when administered intracranially (/7). 
Five out of six WT mice developed terminal dis- 
ease within 10 days, whereas all J//rlI~’ mice 
survived without clinical signs of immuno- 
pathology (Fig. 1J). 

The IL-33 receptor ST2 has predominantly 
been detected on mast cells and CD4* T helper 
type 2 cells (18-20), reportedly exerting pleio- 
tropic effects on helminth-specific immunity, aller- 
gy, anaphylaxis, autoimmune, and cardiovascular 
disease (20, 2/). Conversely, ST2 expression on 
human and mouse CTLs has only recently been 
found under select in vitro culture and differen- 


tiation conditions (22). Hence, we investigated which 
cells were sensing IL-33 for augmenting antiviral 
CTL responses. To this end, we reconstituted 
lethally irradiated mice with an approximately 
1:1 mixture of WT (CD45.1") and ST2-deficient 
bone marrow (CD45.1°) (Fig. 2A and fig. S2A). 


Compared with uninfected mice, WT cells were 
10-fold overrepresented in the population of 
antigen-specific CTLs responding to LCMV in- 
fection (Fig. 2A). In contrast, the repartition of WT 
and JlIrlI-’ B cells remained unaltered (fig. S2A). 
These observations suggested that virus-reactive 
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Fig. 2. CD8* T cell-intrinsic signaling through ST2 and MyD88 augments antiviral CTL responses. (A) 
Irradiated recipients were reconstituted with WT (CD45.1*) and /l2rl1~”~ (CD45.1-) bone marrow. Flow 
cytometric analysis of WT and /l2rl1”~ total CD8* T cells before infection (left) and virus-specific CD8* T 
cells 8 days after LCMV challenge (right). Values represent mean frequency + SEM of three mice. NV = 2. 
(B) Control (CD45.1*CD45.2-) and M1rl1~~ (CD45.1*CD45.2*) P14 CD8* T cells (10°) were co- 
transferred into WT and /l1rl1-Fc recipient mice (CD45.1 CD45.2*) and were enumerated on day 8 
after LCMV. Bars represent the mean + SEM of four mice per group. P < 0.0001 by one-way ANOVA. 
Results of Bonferroni's posttest are indicated. One representative of three similar experiments is shown. 
(©) Control and /1rl1~”~ P14 cells (10°) were individually transferred into WT recipients (left). Peptide- 
MHC tetramer—binding cells in WT and /l1rl1~”~ mice were studied (right). On day 6 after LCMV 
infection, the indicated cell populations in spleen were analyzed for ST2 expression by flow cytometry. 
Values represent the mean + SD of three mice. W = 2. (D) Flow cytometric analysis of splenic 
CD62L'CD8* T cells over time after LCMV infection. Symbols represent the mean + SEM of three mice 
(WT days 2 to 8; M1rl1”~ day 6) or the mean of two mice (other symbols). W = 2. (E) Quantitative 
reverse-transcription polymerase chain reaction (qRT-PCR) analysis of ST2 mRNA levels in P14 CD8* T 
cells. Day 6 and 8 values represent the mean + SEM of three mice. RNA samples from three donor mice 
were pooled for combined analysis on days 0 and 4. N = 1. (F and G) Flow cytometric analysis of 
intracellular phospho-p38 expression in control and /l2rl1~”~ P14 cells isolated on day 6 (F) or over 
time after LCMV infection and treated ex vivo with recombinant IL-33. Symbols in (G) represent the 
mean + SEM of three mice. Unpaired two-tailed student's t test was used for statistical analysis. One 
representative of two similar experiments is shown. (H) Control (CD45.1*CD45.2-) and Myd887— 
(CD45.1*CD45.2*) P14 cells were cotransferred to WT and /l1rl1-Fc recipient mice (CD45.1 CD45.2"*). 
Expansion was assessed 8 days after LCMV infection. Bars represent the mean + SEM of four mice per 
group. P = 0.0008 by one-way ANOVA. Results of Bonferroni's posttest are indicated. N = 1. 


24 FEBRUARY 2012 VOL 335 SCIENCE www.sciencemag.org 


Downloaded from www.sciencemag.org on February 23, 2012 


CTLs respond to IL-33 directly. Independent evi- 
dence was obtained when T cell receptor—transgenic 
GP33-specific CTLs (23) (P14 cells) were adop- 
tively transferred, followed by LCMV challenge 
(Fig. 2B). Impaired expansion of ST2-deficient 
P14 cells in WT recipients corroborated CTL- 
intrinsic ST2 signaling. As expected, no such 
differences were seen between control and ST2- 
deficient P14 cells in the IL-33-depleted envi- 
ronment of ///rll-Fc mice (Fig. 2B). Primary 
CTL responses to LCMV are CD4 T cell inde- 
pendent (24), and the differences in CTL re- 
sponses between WT and Jl/rlI “ mice persisted 
when CD4* T cells were depleted (fig. S2B). 
Altogether, these findings established a CTL- 
intrinsic role of ST2 signaling in the expansion of 
antiviral CTLs. 

On day 6 after LCMV infection, we observed 
ST2 expression on up to 20% of virus-specific 
CTLs, representing the peak of expression as 
monitored on activated (CD62L'™) CTLs (Fig. 
2, C and D, and fig. $2, C and D). In P14 cells, 
we detected a simultaneous peak of ST2 mRNA 
(Fig. 2E). IL-33 signaling through ST2 involves 
the adaptor protein MyD88 and downstream 
phosphorylation of p38 mitogen-activated pro- 
tein kinase (J0). Exposure of day 6 LCMV- 
infected splenocytes to IL-33 ex vivo increased 
phospho-p38 levels in control P14 cells but not in 


ST2-deficient ones (Fig. 2F). In concordance 
with induction of ST2 expression upon activa- 
tion, IL-33 failed to trigger detectable phospho- 
p38 signals in naive P14 cells but did so on day 6 
and 8 after infection (Fig. 2G). MyD88 serves 
important CTL-intrinsic functions, but the up- 
stream receptor(s) accounting for these effects 
had remained elusive (25). In agreement with 
previous reports, Myd88’ P14 cells expanded 
significantly less than control P14 cells when 
adoptively transferred into WT recipients and 
challenged with LCMV (Fig. 2H). In the IL-33— 
depleted environment of J//r/l-Fc recipients, 
however, control and Myd88“ P14 cells re- 
sponded equivalently, suggesting that defective 
expansion of Myd88 “ P14 cells was largely at- 
tributable to a lack of ST2 downstream signaling. 

CTL functionality represents an important 
correlate of protective capacity (26). A substan- 
tial proportion of control P14 effector cells were 
plurifunctional, co-expressing IFN-y, tumor ne- 
crosis factor (TNF)-a, IL-2, and the degranula- 
tion marker CD107a in various combinations 
(Fig. 3A). Conversely, about 95% of ST2- 
deficient P14 cells were monofunctional or lacked 
effector function (Fig. 3A). Reduced plurifunction- 
ality was also observed in polyclonal antiviral 
CTL populations of ST2-deficient compared with 
WT mice (fig. S3A). Coexpression of granzyme 
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Fig. 3. Broad and profound influence of ST2 signaling on effector CTL 
differentiation and functionality. (A to C) CD45.1* control and ST2-deficient P14 
CD8* T cells (10°) were adoptively transferred into WT recipient mice, which were 
then challenged with LCMV. Cytokine profile (A), cytolytic phenotype (B), and 
Bcl-2 expression (C) were assessed on day 8 after LCMV infection. Bars represent 
mean + SEM of three mice. Values in (©) represent geometric mean indices 
(mean + SD of three mice per group). NV = 1 [(A) and (B)] or 2 (Q). (D) Gene 
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B and CD107a indicates efficient cytotoxicity 
and was nearly undetectable in ST2-deficient P14 
cells (Fig. 3B). Control P14 cells also contained 
significantly higher levels of the anti-apoptotic 
protein Bcl-2 than ST2-deficient cells (Fig. 3C). 

We performed genome-wide cDNA expres- 
sion profiling of control and ST2-deficient effector 
P14 cells, yielding 63 differentially expressed 
candidate genes (fig. S3B and table S2). We val- 
idated differential expression of KirbIc (NK1.1) 
and Clec2i, which influence effector cell differ- 
entiation and proliferation (27, 28); [fitm] and 
Ifitm3, which mediate the antiproliferative effects 
of IFN-y and pro-apoptotic signals (29); and 
Tspan5, which affects cell proliferation, migra- 
tion, and adhesion (30); thus corroborating the 
broad and profound effects of ST2 signals on the 
CD8" effector T cell transcriptome (Fig. 3D). 
The gene that encodes KLRG-1, which is a marker 
of effector CTLs (37), was also among the gene 
array candidates. Indeed, ST2-deficient P14 cells 
and virus-specific CTLs of rll“ mice exhibited 
a significant reduction in KLRG-1™°CD127°” 
effector CTLs, failed to express NK1.1, and ex- 
pressed somewhat higher levels of the inhibitory 
receptor PD-1 (Fig. 3, E and F, and fig. $3, C to E). 
With transition to the memory phase, however, the 
size of the LCMV-specific CTL pool and the cells’ 
KLRG-1 expression became similar in WT and 
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F) Phenotypic analysis of splenic /2rl1~~ and control P14 CD8* T cells from day 
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Ilirll’’ mice, and vaccinated IlIrlI-’ mice con- 
trolled LCMV challenge infection as efficiently as 
WT controls (fig. S3, F and G). This supported the 
concept that inflammatory signals are more im- 
portant for primary effector CTL responses than 
for memory formation (25, 32). 

To characterize the cellular source of IL-33 
bolstering antiviral CTL responses, we gener- 
ated reciprocal bone marrow chimeras by using 
WT or 1133’ mice (Fig. 4A). WT recipient 
mice generated significantly more LCMV-specific 
CTLs than 1/33’ recipients, irrespective of the 
IL-33 competence of the bone marrow. These 
data suggested that radio-resistant, and thus 
nonhematopoietic, cells are the main source of 
IL-33. IL-33" cells were only detected in the 
spleen of chimeras generated from WT recipients, 
irrespective of the bone marrow received (WT or 
1133“, Fig. 4B). IL-33° cells colocalized predom- 
inantly with CD3" cells but only sparsely with B 
cells (Fig. 4C and fig. S4). This was compatible 
with IL-33 expression by fibroblastic reticular 
cells (4), a stromal cell population of the T cell 
zone and known target of LCMV infection (33). 

In light of the evidence for IL-33 to act as an 
alarmin (5, 6), our findings offer a previously 
unknown molecular link to understand how viral 
replication, commonly thought of as “danger” 
(34), can enhance CTL responses to infection. 


Cc 


CD3 IL-33 DAPI 


Fig. 4. Radio-resistant cells of the T cell zone produce IL-33 for efficient CTL induction. (A) Bone 
marrow chimeras were generated by using /133-” and WT recipients as indicated. Two months later, the 
CIL response to LCMV infection was determined (day 8 after infection). Bars represent the mean + SEM 
of five mice. P = 0.0038 by one-way ANOVA. Results of Bonferroni's posttest are indicated. NV = 2. (B) 
Spleens from chimeras as in (A) were analyzed for IL-33—expressing cells by immunohistochemistry. The 
scale bar indicates 50 tum. The image was acquired at 100-fold magnification. Representative pictures 
from one out of four animals are shown. (C) IL-33* cells (green) are predominantly found in the T cell 
zone (characterized by CD3* T cell clusters, red). DAPI (4°,6-diamidino-2-phenylindole) was used to 
stain nuclei (blue). The central white rectangle is displayed at higher magnification in the top left 
corner of the large image. The small images at right show close vicinity of IL-33* cells and CD3* T cells. Scale bars indicate 200 1m (large image) or 50 um 
(small images and inset). Images were acquired at 200-fold magnification by using a slide scanner (large image and inset) and at 400-fold magnification by 
confocal microscopy (small images). Representative pictures from one out of four mice are shown. 


The nonredundancy with PAMPs is noteworthy, 
particularly in the context of viral replication, 
which provides abundant PAMP signals (/). The 
observed LCMV dose dependency suggests that 
the IL-33-ST2 axis is most relevant under 
conditions of high viral burden. We identified 
nonhematopoietic cells in the splenic T cell zone 
expressing IL-33. Depending on the site of 
initiation and expansion of T cell responses, other 
cell types expressing IL-33 may also supply this 
cytokine to CTLs (35), and potential regulation 
by the soluble form of ST2 remains to be in- 
vestigated (36). 

PAMPs act primarily on professional antigen- 
presenting cells and thereby are decisive for ef- 
ficient priming of CTLs (37). IL-33 and possibly 
also other alarmins have complementary and non- 
redundant functions and, in the case of IL-33, act 
on antiviral CTLs directly. Taken together, this 
study establishes a paradigm for the role of non- 
hematopoietic cells providing alarmins to aug- 
ment and differentiate protective CTL responses 
to viral infection. 
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The Cellular Basis of GABAg-Mediated 
Interhemispheric Inhibition 


Lucy M. Palmer,” Jan M. Schulz,” Sean C. Murphy,” Debora Ledergerber,* 


Masanori Murayama,” Matthew E. Larkum*?* 


Interhemispheric inhibition is thought to mediate cortical rivalry between the two hemispheres 
through callosal input. The long-lasting form of this inhibition is believed to operate via 
y-aminobutyric acid type B (GABAg) receptors, but the process is poorly understood at the cellular 
level. We found that the firing of layer 5 pyramidal neurons in rat somatosensory cortex due to 
contralateral sensory stimulation was inhibited for hundreds of milliseconds when paired with 
ipsilateral stimulation. The inhibition acted directly on apical dendrites via layer 1 interneurons but 
was silent in the absence of pyramidal cell firing, relying on metabotropic inhibition of active 
dendritic currents recruited during neuronal activity. The results not only reveal the microcircuitry 
underlying interhemispheric inhibition but also demonstrate the importance of active dendritic 


properties for cortical output. 


he connection between the two hemi- 
T spheres of the cerebral cortex via the corpus 

callosum is one of the most studied and 
yet least understood pathways in the brain (/, 2). 
An important function of transcallosal fibers is to 
mediate interhemispheric inhibition (3, 4), which 
influences fine motor control (5, 6), visuospatial 
attention (7-9), and somatosensory processing 
(10, 11). To investigate the cellular mechanisms 
of interhemispheric inhibition, we performed in 
vivo patch-clamp recordings from layer 5 (L5) 
pyramidal neurons in the hindlimb area of the 
somatosensory cortex in urethane-anesthetized 
rats (Fig. 1A). Stimulation of the contralateral 
hindpaw (contralateral HS) (1-ms duration, 100 V) 
increased the baseline firing rate by a factor of 
about 3 (0.9 + 0.2 to 2.9 + 0.6 Hz; P< 0.05; n= 19) 
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(Fig. 1, B to D, black). Ipsilateral hindpaw 
stimulation (ipsilateral HS), on the other hand, 
had little influence on the firing rate (1-ms dura- 
tion, 100V; spontaneous, 1.1 + 0.2 Hz and evoked, 
1.2 + 0.2 Hz; n = 19 (Fig. 1B, green). However, 
an inhibitory influence of ipsilateral HS could 
be uncovered by pairing it with contralateral 
HS (paired HS). Here, paired HS resulted in a 
significant decrease in evoked firing (evoked, 
2.2 + 0.5 Hz; n = 19; P < 0.05) when the ipsi- 
lateral hindpaw was stimulated 400 ms before the 
contralateral hindpaw (Fig. 1, B to D, blue). This 
influence of paired HS on action potential (AP) 
generation occurred throughout the entire evoked 
excitatory response, which lasted on average 
513 + 49 ms (n = 19) (Fig. 1C, gray area). Un- 
expectedly, paired HS had no discernible effect 
on the subthreshold responses (Fig. 1, B to D), 
which did not significantly decrease in average 
area (3.4 + 0.6 versus 3.4 + 0.6 mV¢°s; 1 = 20) nor 
variance (15.7 + 1.9 versus 17.2 + 02.1 mV7; n= 
20) (fig. S1). 

The average 25 + 8% decrease in the evoked 
firing during paired HS was somatotopically 
specific because stimulation of different regions 


of the body, or even different parts of the hind- 
limb, did not reduce the response to contralateral 
HS (fig. $2). Furthermore, the decrease in firing 
did not occur when the contralateral hindpaw was 
stimulated twice at an interval of 400 ms (fig. 
S3), and paired HS had no inhibitory effect on 
layer 2/3 (L2/3) pyramidal neurons (contralateral 
HS, 3.9 + 0.6 Hz; paired HS, 3.6 + 0.7 Hz; t= 400 
ms; 1 = 9) (fig. S4). When the timing of the 
paired-HS interval was varied in 200-ms steps, 
LS pyramidal neuron firing was only influenced 
when the ipsilateral hindpaw was stimulated 
either 200 or 400 ms before the contralateral 
hindpaw (Fig. 1E). The long-time course for this 
type of inhibition suggested the involvement of 
y-aminobutyric acid type B (GABAs) receptors, 
which can exert an effect for up to 500 ms in vitro 
(12). Indeed, application of the GABAg-receptor 
antagonist, CGP52432 (1 uM) to the cortical 
surface blocked the decrease in firing generated by 
paired HS (contralateral HS, 1.9 + 0.7 Hz; paired 
HS, 2.0 + 0.9 Hz, t= 400 ms; n = 8) (Fig. 1E). 
It has been suggested in humans that ipsi- 
lateral somatosensory stimulation leads to sup- 
pression of sensory responses due to transcallosal 
inhibition (13). We tested this hypothesis in rats 
using optogenetic stimulation of the transcallosal 
pathway in vivo. Deep-layer neurons infected 
with channelrhodopsin-2 (ChR2) conjugated with 
adenovirus (AAV) sent callosal fibers predom- 
inantly to the upper layers of the opposite hemi- 
sphere (Fig. 2A and fig. S5) [see supporting online 
material (SOM)]. Photostimulation (470 nm; trains 
of 10- by 10-ms pulses at 10 Hz, beginning 
400 ms before the sensory stimulus) of callosal 
input decreased the evoked firing rate of L5 py- 
ramidal neurons by 36 + 15% when the light was 
focused above the hemisphere containing the 
recording electrode (n = 9; P < 0.05) (Fig. 2, B 
and C) and by 38% + 14% with photostimulation 
of the injected hemisphere (n = 7; P < 0.05) (fig. 
S6). Photoactivation of the callosal fibers alone 
did not influence spontaneous firing activity 
(0.6 + 0.2 Hz prephotoactivation and 0.7 + 0.3 Hz 
during photoactivation) (fig. S6), and there was 
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no measurable influence of callosal fiber photo- 
activation on the underlying subthreshold enve- 
lope (contralateral HS alone, 2.1 + 0.5 mVes 
compared with contralateral HS + ChR2, 2.5 + 
0.5 mVes; P > 0.05; n = 13) (fig. S6). 

The corpus callosum consists almost en- 
tirely of excitatory fibers (/4), which implies 
that interhemispheric inhibition arises from the 
activation of local interneurons. We tested this 
ex vivo with photostimulation of callosal fibers 
while recording from local interneurons in brain 
slices prepared from rats previously injected 
with ChR2/AAV (Fig. 2, A and D). To inves- 
tigate monosynaptic callosal input, we added 
TTX (1 uM) and 4-AP (100 uM) (75) and ac- 
tivated callosal fibers using 460-nm light pulses 
over the field of view (10 by 10-ms pulses at 10 Hz, 
60X objective). Interneurons were identified by 
their morphology and spiking characteristics (/6) 
(fig. S7). The voltage response to monosynaptic 
callosal input in interneurons located in L1 (29.1 + 
6.6 mV; n = 9) and L2/3 (31.1 + 4.6 mV; n = 20) 
was significantly larger than LS interneurons (14.4 + 
3.5 mV; n = 24; P < 0.05) (Fig. 2, E and F). To 
further investigate the laminar specificity of cal- 
losal input on interhemispheric inhibition, we 
locally perfused the excitatory AMPA-receptor 
antagonist CNQX (100 uM) above the recorded 
cell in vivo. Interhemispheric inhibition evoked 
with paired HS was completely abolished by 
CNQX perfused into L1 (paired HS/contralateral 
HS 1.0 + 0.1; n = 6) but not L2/3 (paired HS/ 
contralateral HS, 0.6 + 0.1; n = 6) (Fig. 2, G and 
H), suggesting that callosal input to L1 is crucial 
(see also fig. S8). (Local perfusion of CNQX did 
not in itself significantly change the AP firing rate 
of LS pyramidal neurons in response to contra- 
lateral HS). In contrast to pyramidal neurons 


Fig. 1. Interhemispheric inhibition of 
sensory information. (A) Experimental 
design. (Top) Electrical stimulation 
(100 V, 1 ms), of contralateral and ip- 
silateral hindpaws during patch-clamp 
recordings from L5 pyramidal neurons 
(bottom). (B) (Top) Somatic response, 
(middle) raster plot and histogram of 
total AP firing over multiple trials, and 
(bottom) average subthreshold response 
in trials during contralateral HS (C-HS) 
(black; left), ipsilateral HS (I-HS) (green; 
middle), and paired HS (P-HS) (blue). 
I-HS 400 ms before C-HS (right). Gray 
traces, C-HS for comparison. (C) (Top) 
AP histogram for C-HS (black) and P-HS 
(t = 400 ms; blue) across all neurons 
(bin width = 50 ms; n = 19). (Bottom) 
Grand mean subthreshold responses 
to C-HS (black) and P-HS (blue; n = 
20). Gray region used for statistics. 
(D) (Left) Average AP frequency dur- 
ing C-HS (black) and P-HS (blue; solid 


bars; n = 19). Red line, spontaneous firing rate. (Right) Average sub- 
threshold response to C-HS (black) and P-HS (blue; n = 20; open bars). (E) 
Average normalized AP frequency during P-HS with I-HS 0, 200, 400, 600, 
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(Fig. 1B), ipsilateral HS alone evoked activity in 
LI neurons. Two-photon calcium imaging from 
L1 neurons bulk-loaded with the calcium indicator 
Oregon Green 488 BAPTA-1-AM (OGB-1-AM) 
(Fig. 21) revealed responses to ipsilateral HS in 
41% of L1 neurons (Fig. 2J) (x = 107 neurons 
from seven rats). L1 contains a subpopulation of 
late-spiking, neurogliaform cells (~40% of cells) 
(17) that provide GABAg-mediated inhibition 
(/8) to the dendrites of pyramidal neurons (/9). 

The targeting of callosal input to L1 sug- 
gests that interhemispheric inhibition of L5 
pyramidal neurons may act through a dendriti- 
cally located mechanism (/2, 19, 20). We there- 
fore investigated the effects of ipsilateral HS on 
the calcium response in a population of LS py- 
ramidal neuron dendrites using a fiberoptic 
technique for recording dendritic activity (the “peri- 
scope” system) (2/, 22) (Fig. 3A) (see SOM). 
Contralateral HS evoked a biphasic Ca?” signal 
in LS pyramidal neuron dendrites (Fig. 3B, black 
trace) that was significantly reduced (31 + 6%; 
P <0.05) when paired with ipsilateral HS (¢ = 
400 ms; 1 = 13) (blue trace, Fig. 3, B and C) (see 
fig. S9 for times all between t= 0 and t= 800 ms). 
This decrease in dendritic activity was abolished 
by application of the GABAg-receptor antag- 
onist CGP52432 (1 uM) to the cortical surface 
(Fig. 3C, right). The similar inhibitory influence 
of paired HS on firing rates and dendritic Ca?” in 
LS pyramidal neurons suggests a strong corre- 
lation between dendritic activity and somatic out- 
put in vivo. 

Was the down-regulation of dendritic Ca?* 
activity due to the pre- or postsynaptic activation 
of dendritic GABAg receptors (/2) that are 
abundant in pyramidal apical dendrites (23)? 
We used three strategies to investigate this ques- 


tion. First, we recorded dendritic Ca** activity 
with the periscope while focally applying the 
GABAsg agonist baclofen (50 uM) to the distal 
apical dendrites of LS pyramidal neurons in vivo 
(Fig. 3D). We observed an even larger decrease 
in the area (55 + 9%; n = 8) and amplitude (51 + 
6%; n = 8) of the evoked dendritic Ca* response 
(Fig. 3, E and F). Second, we performed whole- 
cell recordings from L5 dendrites identified by 
their distinctive complex AP waveforms (24) 
(fig. S10) and post hoc biocytin reconstructions 
(Fig. 3G) (see SOM). During baclofen applied 
either focally to the distal dendrite or on the 
cortical surface, the dendritic response to contra- 
lateral HS decreased by ~75% from 1.75 + 0.3 Hz 
to 0.4 + 0.2 Hz (n = 5; average dendritic patch 
distance, 943 + 34 um from the pia) (Fig. 3, H 
and I). Last, we recorded electrical activity at the 
soma in vivo (as in Fig. 1) in knockout mice that 
lacked GABAg receptor isoforms known to act 
presynaptically(GABAg), ’ ) and postsynaptically 
(GABAgiy” ) in LS pyramidal neurons (/2, 25) 
(Fig. 3J). In mice lacking the postsynaptically 
acting isoform (GABAgi,” ), we recorded no 
interhemispheric inhibition using paired HS (7.6 + 
1.8 Hz versus 8.7 + 1.9 Hz; t= 400 ms; n = 7) 
(Fig. 3K), whereas the inhibition remained in 
mice lacking the presynaptically acting isoform 
(GABAgia’ ; 10.0 + 4.9 Hz versus 6.1 + 3.9 Hz; 
t = 400 ms; n = 4) (Fig. 3L). Furthermore, the 
inhibitory effect of focal application of baclofen 
to the dendrites was also occluded in GABAg iy 
mice (9.0 + 2.3 versus 12.0 + 4.5 Hz; n = 5) (Fig. 
3, K and L). The specificity of the effect to 
GABAg)p receptors and the observed effects on 
dendritic Ca** strongly suggest that interhemi- 
spheric inhibition is mediated by dendritically 
located GABAg receptors. 
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and 800 ms before C-HS (blue dots). Orange dot, normalized average AP 
frequency during P-HS (t = 400 ms) with GABA, antagonist CGP52432 
applied to cortical surface. *, P < 0.05. 
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Fig. 2. Callosal fiber activation inhibits L5 pyram- 
idal neuron firing and activates L1 neurons. (A) 
(Top) Experimental design. ChR2/AAV injected into 
hindlimb somatosensory cortex before patch record- 
ing in opposite hemisphere. (Middle) Overlays of 
bright-field images and ChR2 fluorescence from 
injected (left) and recording hemispheres (right) ex 
vivo. (Bottom) In vivo 2P image of ChR2 axons 
(green) in recording hemisphere at 100 um below 
pia. (B) (Top) Somatic response, (middle) raster plot, 
and (bottom) histogram of APs during C-HS alone 
(left) and photostimulation with train of blue-light 
pulses above recording hemisphere (right). (C) Av- 
erage firing frequency with C-HS (black) and during 
photostimulation of recording hemisphere (aqua; 
+ChR2). (D) Ex vivo recording from interneurons in 
L1, L2/3, and L5 in slices from ChR2/AAV-injected 
rats. (E) Voltage responses to local photostimula- 
tion in L1 (green), L2/3 (maroon), and L5 (turquoise). 
L1 and L5 interneurons recorded simultaneously; in- 
terneurons shown in (D). (F) Average voltage re- 
sponse to first photostimulation. (G) Example voltage 
response, raster plot, and AP histogram with (top) 
C-HS and (bottom) P-HS with focal application of 
CNQX into L1. (Inset) Normalized firing rates with 
P-HS during control (blue), CNQX in L1 (pink), and 
CNQX in L2/3 (salmon). Shaded region used for statis- 
tics. (H) Average AP frequency during P-HS with 
CNQX in L1 and L2/3. (I) In vivo 2P image of L1 
(<200 um below pia) counter-stained with OGB-1-AM 
and SR101. Neurons, green; astroglia, orange. (J) 
Individual (gray) and average (green) Ca2* 
to I-HS. *, P < 0.05. 


Fig. 3. Long-lasting interhemispheric inhibition is 
mediated by dendritic GABAg receptors. (A) Ex- 
perimental design. L5 pyramidal neurons in the 
contralateral sensorimotor cortex bulk loaded with 
OGB-1-AM; dendritic Ca2* responses recorded with 
periscope during C-HS and P-HS. (B) (Left) Average 
dendritic Ca?* population response (fluorescence 
change, AF/F; 15 trials) during C-HS (black) and P-HS 
(blue). (Right) Ca2* response (10 trials) to C-HS 
(black) and P-HS (blue) during application of CGP52432 
(1 to cortical surface. (C) (Left) Integral of the 

* response to C-HS (black) and P-HS (blue) in 
aie conditions and (right) during CGP52432. 
(D) Experimental design. (E) Average dendritic Ca** 
population response with C-HS before (black), dur- 
ing (red), and after (gray) baclofen application. (F) 
(Left) Integral and (right) amplitude of Ca2* re- 
sponse to C-HS. (G) Experimental design: L5 den- 
dritic patch during baclofen application. (H) Dendritic 
patch-clamp responses to C-HS before (black) and 
during (red) baclofen. (Inset) Complex waveform 
from boxed region. Scale bar, 10 mV, 10 ms. (I) 
Normalized firing rate in the dendrite to C-HS be- 
fore (black) and during (red) baclofen. (J) Distri- 
bution of GABAg subunits pre- and postsynaptically. 
(K) Somatic voltage responses to C-HS (black), P-HS 
(blue), and C-HS during focal baclofen (50 uM) 
application (red) in mice lacking postsynaptic GABAg 
receptors (GABAgi,” ). (L) Normalized somatic fir- 
ing rate during C-HS and P-HS in GABAg;,— and 
GABAgi, mice. *, P < 0.05. 
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We next investigated how dendritic GABA, 
receptors influence cell spiking in vivo. We re- 
peated the experiments with focal dendritic 
baclofen application during somatic recordings 
from LS pyramidal neurons (Fig. 4A). Baclofen 
decreased the evoked firing response by a similar 
amount to dendritic Ca** activity (64 + 10%; n=7) 
(Fig. 4, B and C) (compare Figure 3F). Despite 
this, baclofen (like interhemispheric inhibition) 
had no significant effect on the subthreshold elec- 
trical response at the soma (control, 3.6 + 0.7 mV°s; 
baclofen, 3.0 + 0.5 mVes; n = 11) (Fig. 4, C and 
D). How could such profound effects on dendritic 
activity and cell firing occur in the absence of any 
detectable effect on membrane potential at the 
cell body? 

To investigate this, we performed the same 
experiments in vitro where we could isolate the 
causes and effects to the dendritic and/or somatic 
compartments of the neuron (Fig. 4E). Activating 
dendritic GABAg receptors continuously with 
baclofen resulted in an average hyperpolarizing 
response of only —1.2 + 0.2 mV at the dendrite 
and —0.5 + 0.2 mVat the soma ( = 19). Although 
this explained the negligible effect of dendritic 
GABAsg inhibition on the somatic subthreshold 
responses reported throughout this study, it made 
the large effect on cell firing even more intriguing. 
We hypothesized that sufficiently large dendritic 
depolarization activates dendritic voltage-sensitive 
channels that causes further AP firing. At sub- 
threshold levels, dendritic depolarization would 
not be expected to activate voltage-sensitive chan- 
nels, and thus dendritic inhibition of these chan- 
nels would not be detected (i.e., silent inhibition). 

To test this hypothesis, we recorded responses 
to contralateral HS in vivo from the soma and 
dendrites of LS pyramidal neurons and used these 
recorded waveforms as representative current in- 
put in our somatic and dendritic recordings in vitro. 
Current was injected at the soma in increasing 
steps of 100 pA and at the dendrite at a fixed 
amount of 600 to 800 pA (Fig. 4F). For low so- 
matic current injection (0 to 100 pA), there was 
little or no AP firing in the neuron (Fig. 4, G and 
H), and baclofen had little effect on either the 
membrane potential at the soma (Fig. 4G) or the 
input resistance of the neuron (Fig. 4, K and L). 
Higher somatic current injection led to cell firing 
and back-propagating APs into the apical den- 
drite. In this case, baclofen caused a significant 
decrease in firing rate (Fig. 4, F and H) and a 
decrease in the gain of the frequency/current 
relationship (26) (Fig. 4H, top). Under these su- 
prathreshold conditions, the membrane potential 
at the soma (measured from the voltage envelope 
with APs truncated) was hyperpolarized during 
the application of baclofen relative to control 
(Fig. 4H, bottom) indicating a loss of current 
transfer from the dendrite to the soma. These re- 
sults show conclusively that dendritic GABA, 
inhibition alone can significantly reduce the firing 
output of L5 pyramidal neurons through a den- 
dritically located mechanism that manifests only 
when the neuron is spiking. 


To further investigate the importance of den- 
dritic activity on somatic output, we restricted 
current injection to the soma while continuing to 
apply baclofen locally to the dendrite (Fig. 41). 
Even with no dendritic input at all, activation of 


dendritic GABAg receptors still caused a signif- 
icant decrease in AP firing rate (by 38 + 5%, n = 
11) (Fig. 4, J and L). Furthermore, the decrease 
in APs during GABAg receptor activation was 
not caused predominately by shunting inhibition 
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Fig. 4. The dendritic mechanisms of interhemispheric inhibition. (A) Experimental design. (B) Response 
to C-HS in control (black) and baclofen (red). (C) Average subthreshold response to C-HS. (Inset) 
Overlayed traces. (D) Average normalized response to C-HS during baclofen for the subthreshold 
voltage integral (open bar) and AP frequency (solid bar). (E) Experimental design. (F) (Top) Dendritic 
and somatic recordings in vivo with (bottom) waveforms injected into dendrite (light gray) and soma 
(dark gray). (G) Grand mean of the somatic subthreshold voltage responses to dual current injection 
shown in (F). (Inset) Overlayed traces. (H) Normalized somatic (top) firing rate and (bottom) voltage 
envelope integral evoked by constant dendritic and increasing somatic current injections during control 
(black) and baclofen (red). (I) Experimental design. (J) Somatic voltage response to suprathreshold 
current injection (400 pA) at soma. (K) Subthreshold voltage responses (top) to somatic current steps 
(bottom; 100 pA steps) before (black) and during (red) baclofen. (L) (Top) Normalized somatic sub- 
threshold response (open bar) and number of APs (solid bar) during baclofen. (Bottom) Input resistance 
of the subthreshold somatic response during control (black) and baclofen (red). (M) Dual somatic (color) 
and dendritic (gray) voltage responses to current step injections (800 pA and 400 pA injected into the 
dendrite and soma, respectively) with (red) baclofen and (green) baclofen and tertiapin (0.5 uM) in the 
bath solution. (N) Normalized number of APs evoked for (M). (O) Experimental design. (P) Dual 
somatic/dendritic responses to current injections (800 pA and 1200 pA injected into the dendrite and 
soma, respectively) before (black) and during (red) baclofen or Cd + Ni (yellow). (Inset) Boxed region on 
left. Scale bar, 20 mV, 100 ms. (Q) Number of APs in (P). (R) Proposed cellular mechanism of inter- 
hemispheric inhibition. C-HS generates dendritic input and back-propagating Aps, which activate dendritic 
voltage-sensitive channels leading to more APs. I-HS activates GABAg-mediating L1 interneurons that 
open GIRK and block Ca** channels (silent inhibition), which is only effective with dendritic depolarization 
from paired C-HS. *, P < 0.05 significance level. 
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because the same application of baclofen had 
no effect on the input resistance of the cell 
(Fig. 4, K and L). 

What is the cellular basis of this GABAg- 
mediated inhibition? Previous studies have 
shown that GABAg inhibition leads to activation 
of inward-rectifying K* channels (GIRK) (27) 
and inactivation of voltage-sensitive Ca” chan- 
nels (/2) in pyramidal neurons. Bath application 
of the GIRK antagonist tertiapin (0.5 uM) led to a 
61 + 11% decrease in the baclofen-induced hy- 
perpolarization in the dendrite in vitro (n = 10) 
(fig. S11). Under these conditions, the inhibitory 
effect of baclofen on AP firing measured near 
threshold was partially occluded (control, 57 + 
9% versus tertiapin, 33 + 5% reduction, respec- 
tively; average dendritic recording distance, 
397 + 2 um) (Fig. 4, M and N). To determine the 
contribution of voltage-sensitive Ca** currents, 
we locally applied 50 uM Cd*" and 100 1M Ni?* 
to the apical dendrite at the same location as 
baclofen (Fig. 40). Enough current was injected 
at the soma and dendrite to evoke firing well 
above threshold and maximize dendritic voltage- 
sensitive current activation. Ca** channel block- 
ade accounted for 60 + 18% (n = 5) of the 
reduction in AP firing induced by application of 
baclofen (average dendritic recording distance, 
478 + 36 um) (Fig. 4, P and Q). In contrast to the 
GIRK channel antagonist, bath application of 
Ca** channel antagonists significantly reduced 
dendritic regenerative potentials and burst firing 
patterns (28) and occluded any further effect of 
baclofen on the spike waveform (fig. $12). 

The dependence of dendritic GABAg inhibi- 
tion on suprathreshold dendritic depolarization 
explains why this form of inhibition is normally 
silent. During contralateral HS, dendritic voltage- 
sensitive currents contribute to the overall de- 
polarization of the neuron and, although blocked 
by GABAg receptor activation during ipsilateral 
HS, no inhibitory effect is measured because these 
currents are not activated without dendritic de- 
polarization (e.g., due to dendritic input and/or 
back-propagating APs). Only with paired HS is 
the effect of regulating dendritic channel activity 
revealed (Fig. 4R). The magnitude of the effects 
observed in vitro would be sufficient to explain 
all of the effects seen in vivo. Although callosal 


inhibition could also affect pyramidal cell firing 
through network effects that alter synaptic input, 
we did not detect a change in subthreshold re- 
sponses during interhemispheric inhibition (Fig. 
1). We conclude, therefore, that interhemispheric 
inhibition is mediated predominantly through di- 
rect postsynaptic mechanisms in the apical den- 
dritic shafts of pyramidal neurons. 

It has been suggested that interhemispheric 
inhibition might regulate the gain of synaptic 
input (29) and thereby serve to enhance bi- 
manual precision (5, 30). Furthermore, loss of 
interhemispheric rivalry (through callosal inhi- 
bition) has been implicated in cases of lateral- 
ized impairment of attention (hemineglect) in 
human patients (9). Unraveling the mechanisms 
behind interhemispheric inhibition might there- 
fore be critical to understanding these complex 
tasks. Our results reveal that long-lasting inter- 
hemispheric inhibition acts via a specific cortical 
microcircuitry mediated by dendritic GABA, 
receptors. This phenomenon of silent inhibition 
of dendritic channels, however, is likely to be a 
general phenomenon under many different con- 
ditions and may therefore represent a novel mech- 
anism for explaining the anomalous decoupling 
of subthreshold and suprathreshold activity seen 
in other systems in vivo (3/—34). The specific 
mechanisms of interhemispheric inhibition shown 
here, involving the underlying cortical micro- 
circuitry, and dendritic GABAg receptors, offer 
new perspectives on fundamental and clinical 
studies involving interactions between the two 
cortical hemispheres. 
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ing on the required application. Each order is supplied as 200 ng of 
dried DNA, ensuring maximal stability prior to use, with most orders 
delivered within 3-4 business days. 

Integrated DNA Technologies 

For info: 800-328-2661 | www.idtdna.com 


1-STEP RT-PCR KIT 

The 1-Step RT-PCR Kit is designed for optimal convenience in carry- 
ing out highly sensitive and specific reverse transcription polymerase 
chain reactions (RT-PCR) in a single tube. 1-Step RT-PCR is a varia- 
tion of the standard two-step RT-PCR, in which all components of 
the RT and PCR are mixed in one tube prior to starting the reac- 
tions so that RT and PCR can be carried out sequentially in one 
tube. The one-step method offers tremendous convenience when 
applied to analysis of single targets from multiple RNA samples and 
minimizes the possibility for introduction of contaminants into reac- 
tions between the RT and PCR steps. 1-Step RT-PCR Kit includes: 
AMV Reverse Transcriptase (from avian myeloblastosis virus), an 
optimized enzyme Taq DNA Polymerase (from Thermus aquati- 
cus), a unique 10x concentrated RT-PCR buffer, our dNTP mixture, 
ribonuclease inhibitor, and DEPC-treated water. 

G-Biosciences 

For info: 800-628-7730 | www.gbiosciences.com 


Electronically submit your new product description or product literature information! Go to www.sciencemag.org/products/newproducts.dtl for more information. 


Newly offered instrumentation, apparatus, and laboratory materials of interest to researchers in all disciplines in academic, industrial, and governmental organizations are 
featured in this space. Emphasis is given to purpose, chief characteristics, and availability of products and materials. Endorsement by Science or AAAS of any products or 
materials mentioned is not implied. Additional information may be obtained from the manufacturer or supplier. 
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Cytokine ELISA kits 


These high quality research immunoassays are useful for the in-vitro quantitative and qualitative determination of cytokines from 
human serum, plasma and cell culture supernatant. Diaclone ELISAkits are ready-to-use, with pre-coated 12 x 8 strip plates, 
standards, buffers, detection antibody, conjugate and substrate. Do-it-yourself matched antibody pair kits for ELISAare also available. 
These ELI-PAIR kits offer the same quality, sensitivity and performance as Diaclone ELISAkits and are reasonably priced. ELI-PAIR 
kits include all necessary reagents for the immunoassay; capture antibody, biotinylated detection antibody, streptavidin - HRP TMB, 
and enough lyophilized antigen to make one standard curve per plate. Visit our web site for complete information, pricing and 
protocols. Accuracy and reliability guaranteed; all reagents have been extensively validated according to the ISO 9001 quality system. 


Human Cytokines & Human Cytokine 

Growth Factors Range Receptors Range 

(GM-CSEe rene reteeer: 8-500 pg/ml CD25 /IE-2Reee ee 68.75-2220 pg/ml 
NNEC ieeirensrerunanecotre re 8-500 pg/ml CD116/GM-CSF R............ 31.25-1000 pg/ml 
IE Ney etencceoticscse nes 12.5-400 pg/ml (CD KOSI cccrescencceencoccce 0.31-10 ng/ml 
IFN-y high sensitivity ......... 0.78-25 pg/ml CDA 24) (RAR eee et 31.25-1000 pg/ml 
IES Oteerenctersececstetrcesteetereceers 31.2-1000 pg/ml CDi26/g p80 31.25-1000 pg/ml 
[Desi Seereererrecenresrere eerie 15.6-500 pg/ml CDi S0/g pis Oe 56.25-1800 pg/ml 
oe eer ere rere rears 31.2-1000 pg/ml CD213a2/IL-13Reaz2 ......... 156-5000 pg/ml 
IL-2 high sensitivityy .......... 1.87-60 pg/ml CD138/SYNDECAN-1 ..... 8-256 ng/ml 
[eden bigeerseeree terest 1.1-35 pg/ml 

IL-4 high sensitivity ............ 0.31-10 pg/ml Mouse Cytokines Range 

Ue eeeeeeruseererearesernaaareneeer 7.8-250 pg/ml GM-CSE scene 15.6-500 pg/ml 
[oe Srepeneserertaerecraneceererecnre 6.25-200 pg/ml AN a aerate tetsrce: 31.25-1000 pg/ml 
IL-6 high sensitivity ............ 1.56-50 pg/ml [le Oper necnrerererstectectseee 7.8-500 pg/ml 
Be Aptecrectonete e-ceenonce nae 6.25-200 pg/ml ea receerecncehe eeennce cerca 15.6-500 pg/ml 
[eG ae ete entree ceesenueteeeahcoes 62.5-2000 pg/ml [LEA eee Peer eree eee ee veceae eee 3.9-250 pg/ml 
[ESO eeeeess ease sreareessieenre se 12.5-400 pg/ml [eel cerceereeneneeroeemnceereceteae 7.8-500 pg/ml 
IL-10 high sensitivity .......... 1.56-50 pg/ml [LEeGpies ee eee etree teense 15.6-500 pg/ml 
AVA TOYA Urerenrercamsesre coerce 6.25-200 pg/ml EAC te eoecenbearseseeneners-rerernare 31.25-1000 pg/ml 
IL-12 high sensitivity .......... 0.78-25 pg/ml  aereeoceapecececcenrera rere 31.25-2000 pg/ml 
[oe 6810) ar (S700) nciacecrececen 62.5-2000 pg/ml RET) beecreneerecasterceccesctecsan 0.5-30 ng/ml 
[es ee eee reece cereaarererc 3.12-100 pg/ml TINE Oe terete 31.25-1000 pg/ml 
[UA eecrrencreorerrocertacrrcrre 3.12-100 pg/ml 

Us eae cere erer reenact 15.6-500 pg/ml Rat Cytokines Range 

eA eecenrer beer eccrpertrercr 78-5000 pg/ml TENGVieceeetertery cere tre 31.25-1000 pg/ml 
RA ber eee errs coe rer 31.25-1000 pg/ml IEPA Beeereveeccnrerseneeetenereestee 31.25-2000 pg/ml 
Te Oe ecereereceeeercenerreoeecer 6.25-200 pg/ml er eter peencher eccoerne eeceeaie 31.25-100 pg/ml 
WiC et i cereraeteccomencescoacreee 16-1000 pg/ml [EEG eerste serene ere 31.25-2000 pg/ml 
IGE-B lle eee eee 0.5-30 ng/ml GE Dillpeeeereessee tree teres 0.5-30 ng/ml 
WG B20 sree oterccrnseerets 31.25-1000 pg/ml TINE OR eercerece cree: 31.25-1000 pg/ml 
AIN RaOtGe eteecctcere eet eere ss 25-800 pg/ml 

VEGE-AIBioliSaersssese 16-1000 pg/ml ELISA kits for human soluble antigens, adhesion markers 
MEGE-A inser vereteeeees 31.25-2000 pg/ml and apoptosis markers are also available. 

VEGE-Ril eres 0.16-10 ng/ml 
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Proteins 


Antibodies 
Assay Services 
MultiAnalyte Profiling 
Activity Assays 
Stem Cells 
ELISpot Kits 
Flow Cytometry 


Cell Selection 


R&D Systems Tools for Cell Biology Research™ 


R&D Systems Quantikine ELISAs 
The Most Referenced Immunoassays 


A direct measure of product quality is the frequency of citations in the scientific literature. R&D Systems has more 
than 20 years of experience designing, testing, and optimizing the most cited ELISA kits in the world. Find out why 
scientists trust R&D Systems ELISAs more than any other brand. 


NEW Quantikine ELISA Kits 


e a.1-Acid Glycoprotein 
e Angiopoietin-like 3 

e Cathepsin V 

e Clusterin 

 Dkk-1 

e EGF R/ErbB1 
 EG-VEGF/PK1 

e FetuinA 

e FGF-21 

e Galectin-3 

e Gas 6 

e GDF-15 

e IL-17A/F Heterodimer 
e IL-19 

e Lipocalin-2/NGAL 

e MBL 

e Proprotein Convertase 9/PCSK9 
e Periostin/OSF-2 

e Progranulin 


R&D Systems is the Most Referenced ELISA Manufacturer 


R&D Systems 
41.8% 


Approximately 42% of Referenced Immunoassays are Developed and Manufactured by 
R&D Systems. A survey of 860 manuscripts from 44 journals was conducted to compare the 


number of citations specifying the use of R&D Systems ELISAs to the number citing ELISAs from e ST2/IL-1 R4 
other commercial sources. A total of 433 ELISA citations referencing immunoassays from 66 e Thrombomodulin/CD141 
different vendors were identified in the survey. e Tie-1 

e TIM-1/KIM-1 


For more information visit our website at www.RnDSystems.com/go/ELISA 


For research use only. Not for use in diagnostic procedures. 


R&D Systems, Inc. www.RnDSystems.com 


R&D Systems Europe, Ltd. www.RnDSystems.co.uk a 


SYSTEMS* 


R&D Systems China Co., Ltd. www.RnDSystemsChina.com.cn 
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In science there are always essential steps in 


any workflow. Accurate 


measurements of DNA, RNA and protein samples are critical for confidence in 
QPCR, sequencing, microarrays or bioproduction, but there's a better alternative 
to the time and complexity of conventional methods. Using minimal sample 
(0.5 — 2.0 uL), Thermo Scientific NanoDrop instruments make concentration 
and purity analysis so incredibly easy, and so much faster, you won't notice 


this step on the way to your ultimate discovery. 


NanoDrop™ Lite 
Basic microvolume 
measurements 


= 5 


simplify 


e Realize the difference. 


. Try any NanoDrop instrument for FREE. 
’ : ‘ www.thermoscientific.com/nanodrop 


NanoDrop™ 2000C 
Full-spectrum microvolume 
and cuvette measurements 
in a single instrument 


NanoDrop™ 2000 
Full-spectrum microvolume 
measurements 


i 


: 


NanoDrop 8000 


Higher throughput, full-spectrum 


microvolume measurements 


NanoDrop 3300 
Full-spectrum microvolume 
fluorescence measurements 


INDIA’S NO.1 RANKED 


NON-PROFIT PVT. UNIVERSITY 


Part of India's Leading Education Group 


95,000 STUDENTS, 3,500 FACULTY, 5 UNIVERSITIES, 7 INTERNATIONAL CAMPUSES, 
60,000 ALUMNI AND 2 DECADES OF EXCELLENCE IN EDUCATION. 


250 


patents filed by faculty 
in the last years 


250 


Govt. funded 
research projects 


300 


case-studies developed by 
faculty in the last one year 


state-of-the-art 


300 240 


rammes across 


pro. 
0 disciplines 


labs 


Established by the Chauhan Family more than twenty years ago, the Amity Education Group is a leading education group today, offering globally benchmarked education right 
from pre-schools to Ph.D. level. Starting with campuses in India, Amitytoday has campuses around the world and aims to add more in 25 countries overthe nextfewyears. 

Amity, one of the few universities in India to offer 240 UG & PG degrees, has brought together some of the most eminent scientists, research scholars and corporate 
leaders from across the world, who are doing research in diverse, cutting-edge areas of science, technology and industry. Such focus on path-breaking innovations, a 
globally benchmarked infrastructure and outstanding faculty have resulted in Amity institutes being ranked amongstthe top by India's mostrespected surveys. 


SOME OF AMITY’S ACHIEVEMENTS 


At Amity, a vibrant ; 
community of 3,500 distinguished faculty of : 


scientists, professors, researchers and corporate 
professionals has been drawn from different walks of 
the industry who have been credited with publishing 
over 3,400 research papers and authoring over 
500 books. 

The Amity faculty 
have been credited with filing the highest number of 
patents by any university in India inthe last one year. 

Furthering 
its goal of excellence in research, Amity also offers 
India’s Largest Ph.D. and Post-Doctoral Programme. 


To keep abreast of the latest : 


developments, Amity has tie-ups with over 100 
global Universities, Laboratories and Research 
Centres spanning USA, Europe and Australia in areas 
of research, faculty & student exchange and 
curriculum development. 


Amity has been 
recognized as a Scientific & Industrial Research 
Organisation (SIRO) by the Govt. of India, a unique 
achievement by any Indian University and is a 
reflection of its unique initiatives in hi-end research. 


Setting 


benchmarks only against the best universities 


globally, a hi-tech experience is drawn at Amity from 
a mix of 5 million sq.ft. of buildings, 300 state-of- 
the-art labs across 35 science disciplines, libraries 
with 4,00,000 books, periodicals & 17,000 online 
journals. 

Amity has emerged as 
India’s only education group with international 
campuses in London, New York, Singapore, 
California, Mauritius, Dubai & Romania. Through 
centrally located campuses, the highest rating & 
accreditations and globally recognised degrees, 


these campuses carry forward Amity’s rich legacy of : 
excellence in education. 


AMITY UNIVERSITY 
CAMPUSES IN INDIA 


DELHI! NCR 


a — | 
GURGAON SRE 


Telecom/VLSI/Wireless Comm. | Environment! Food Tech. | Forensic Sciences | Green Technology | Herbal Research & Studies | Horticulture | Marine Sc. | Medical & Allied Sc. I Microbial Sc. | Nanotechnology I Nuclear Scien 


Technology| Pharmacy| Physiotherapy | PostHarvestTech. & Cold Chain Management| Space Sciences! Telecom Virology & Immunology (For complete programme list, visit www.amity.edu) 


Research can cost millions of dollars. 


Fortunately, you could save right now with 
GEICO’S SPECIAL DISCOUNT. 


Get a free quote. 


GEICO. 


1-800-368-2734 


geico.com/sci/aaas 


Mention your AAAS membership to see how much you could save. 


Some discounts, coverages, payment plans and features are not available in all states or all GEICO companies. Discount amount varies in some states. One group discount applicable per policy. Coverage is individual. In New York a premium reduction may 
be available. GEICO is a registered service mark of Government Employees Insurance Company, Washington, D.C. 20076; a Berkshire Hathaway Inc. subsidiary. 


© 2012 GEICO 
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NEW PRODUCTS, SERVICES, AND SOLUTIONS 


mater 


an international conference 
on materials science 
in drug developmen 


Business Daalopmant {Manapessan 


Fully integrated with 
Science Online 
(1997-today) 


Available to institutional 
customers through a site license. 
Contact ScienceClassic@aaas.org 

for a quote. 


Information: www.sciencemag.org/classic 
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in situ hybridization. 
easy. powerful. 


single-copy RNA expression 


e Biomarker Analysi 
ela ete RN Exquisite sensitivity & specificity 


* Target ID & Validation Optimized for archival FFPE tissue 


e Molecular Pathology Easy 7-hour IHC-like workflow 


© Companion Dx Quantifiable and automatable 


New assays in < 3 week: 
* Validate IHC Results Hi acl 


Guaranteed assay performance 


AED 


ADVANCED CELL DIAGNOSTICS, INC 


e Non-coding RNA 


¢ Stem Cell Research 


© Tumor Heterogeneity 


e Rare-cell Analysis 


1-877-576-3636 | www.acdbio.com | order@acdbio.com 


Produced by the Science/AAAS Custom Publishing Office 


A New Era for Clinical Models 


In This Issue 

Not long ago, a Clinically rel- 

evant and genomics-based 

model of disease meant an 

animal, but today’s models 

also include cell lines and 

even computer-based sim- 

ulations. Still, bioengineered mice and rats make up many 
of the models, and these genetically modified organisms 
provide increasingly accurate representations of how drugs 
treat human diseases. To get the most from genomics-based 
models for drug research, scientists can now combine infor- 
mation from bioengineered organisms, genomically modified 
cell lines, and computational models. 


See full story on page 994. 
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2011 Winner 
Dr. Tiago Branco 
Postdoctoral 


B : th £ Research Fellow 
next — 
winner! 


Get recognized! 
US$ 25,000 Prize 


Deadline for entries: 
June 15, 2012 


It’s easy to apply! Learn more at: 
www.eppendorf.com/prize 


A Sache 
PRIZE FoR 
HEWAOBIGLONGY 


Eppendorf & Science Prize 
for Neurobiology 


Kurstin Roe Photography 


Congratulations to Dr. Tiago Branco on winning the 2011 Eppendorf & Science Prize for his studies on how 
dendrites discriminate temporal input sequences and apply different integration rules depending on input 
location. The results of Dr. Branco’s research provide insight on how the brain performs computations, and 
suggest that even single neurons can solve complex computational tasks. 


You could be the 11th winner of this award. 

The annual Eppendorf & Science Prize for Neurobiology honors young scientists for their outstanding contribu- 
tions to neurobiological research based on methods of molecular and cell biology. The winner and finalists are 
selected by a committee of independent scientists, chaired by Science’s Senior Editor, Dr. Peter Stern. 


To be eligible, you must be 35 years of age or younger. If you’re selected as this year’s winner, you will receive 
US$ 25,000, have your work published in Science and be invited to visit Eppendorf in Hamburg, Germany. 
Past winners and finalists have come from as far a field as China, Chile, India and New Zealand. 


Yes, it can happen to you. Enter your research now! 


eppendorf 
In touch with life AY AAAS 


eppendorf® is a registered trademark of Eppendorf AG, 


Germany. Copyright © 2012 by Eppendorf AG. 
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50,000 products now available on 


lifetechnologies.com 
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} FaqMan 


We've made it easy to buy what you need 


Now you can find all products from our eight premier brands on one website as well as 
through our automated Supply Centers, B2B catalogs, and other online procurement 
systems. Comprehensive business solutions to support your success. That's the value of life. 


Applied Molecular 
Invitrogen” Biosystems® Gibco® Probes® Novex® TaqMan® Ambion® lon Torrent™ 


Shop now at www.lifetechnologies.com 


©2011 Life Technologies Corporation. All rights reserved. The trademarks mentioned herein are the property of Life Technologies Corporation or their respective owners. For research use only. 
Not intended for any animal or human therapeutic or diagnostic use. TaqMan@® is a registered trademark of Roche Molecular Systems, Inc., used under permission and license 
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by hife technologies” 


PGM for genes. Proton’ for genomes. 


Sequencing for all. 


Powered by fast, simple, scalable semiconductor chips, 
the lon PGM”™ Sequencer introduced an entirely new approach 
to sequencing, making It dramatically faster and more accessible. 


The new lon Proton” Sequencer will go even further. With chip 
densities up to 1,000-fold greater than the lon PGM™ Sequencer, 
the lon Proton™ Sequencer will put whole-genome sequencing 
within reach of every lab. 


Get fast, affordable benchtop sequencing at 
lifetechnologies.com/ionsequencing technologies” 
For research use only. Not intended for any animal or human therapeutic or diagnostic use. The content provided herein may relate to 


products that have not been officially released and is subject to change without notice ©2012 Life Technologies Corporation. All rights reserved. 
The trademarks mentioned herein are the property of Life Technologies Corporation or their respective owners. CO24559 0112 
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INSPIRING INNOVATION 


In more ways than one 


The 3500 Series Genetic Analyzers 

A key component in targeted disease research, the high-quality data of the 3500 Series 
Genetic Analyzers inspire greater confidence. The advanced consumables design and intuitive 
software interface keep you current and in control. Known for playing a key role in important 
genetic innovations using highly accurate and reliable Sanger sequencing, the 3500 Series 
technology does even more. Discover the system capable of performing more applications 
than any other sequencer. 


Discover optimal sequencing quality and versatility 
at lifetechnologies.com/3500series 


For research use only. Not intended for any animal or human therapeutic or diagnostic use. ©2012 Life Technologies Corporation. All rights technolo g ies™ 
reserved. The trademarks mentioned herein are the property of Life Technologies Corporation or their respective owners. CO01723 0212 
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Confidence comes naturally 


Trust Ambion®—the RNA experts for consistent, superior results 


Backed by more than 20 years of experience and the industry's most forward-thinking R&D team, 
Ambion® products provide innovative solutions for specialized RNA applications. Designed for 
superior performance, MagMAX™ and mirVana”™ isolation kits use novel binding methods to recover 
more RNA, while the Cells-to-Cr™ kits enable consistent results through optimized workflows. And 
all Ambion® kits are subjected to the industry's most rigorous analytical testing and multifaceted 
QA/QC process to help ensure your success. 


Find RNA expertise and tools at lifetechnologies.com/ambion 
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They say you never know when inspiration will strike. Features include: 

Download the Science mobile app for Android devices e Summaries and abstracts from 
and be ready the next time you’re inspired to read the Science, Science Translational 
latest news, research, and career advice from Science Medicine, and Science Signaling. 


on your mobile phone. 


Ability to e-mail full-text links. 


The latest news from ScienceNOW. 


Career advice articles from 
Science Careers. 


To download the Science 
mobile app for Android visit 
content.aaas.org/mobile, 
visit the Android Market 
on your phone, or just 
scan this barcode. 


Access to the Science weekly 
podcast and other multimedia. 


Content caching for reading 
without wi-fi access. 
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A New Erafor \ 
Clinical Models ~* 


Not long ago, a Clinically relevant and genomics-based model of 
disease meant an animal, but today’s models also include cell 
lines and even computer-based simulations. Still, bioengineered 
mice and rats make up many of the models, and these 
genetically modified organisms provide increasingly accurate 
representations of how drugs treat human diseases. To get the 
most from genomics-based models for drug research, scientists 
can now combine information from bioengineered organisms, 
genomically modified cell lines, and computational models. 
By Mike May 


he lab mouse represents an icon of clinical research. 

A PubMed search of mouse model pulls up more than 

150,000 articles, which indicates the pervasive use of 

this clinical tool in modeling diseases. Moreover, groups 
of scientists keep developing new ways to use mice in basic and 
medical research. 

For example, two consortia—the International Knockout Mouse 
Consortium (IKMC) and the International Mouse Phenotyping 
Consortium (IMPC)—hope to improve bioengineered mouse 
models. First, the IKMC, based in laboratories in Europe and 
North America, is making individual mutant embryonic stem cell 
lines in which one of the mouse’s roughly 20,000 protein-cod- 
ing genes has been knocked out. So far, the IKMC has created 
more than three-quarters of these cell lines. As a next step, the 
IMPC—composed of 10 research institutions around the world— 
will produce knockout animals for each gene and analyze the 
phenotypic changes. Although the list of phenotypic tests re- 
mains under development, it will likely range from basic blood 
work to behavioral assessments. The IMPC plans to phenotype 
all 20,000 knockout mice by 2020. 

To breed the cohorts of mice needed for this phenotyping proj- 
ect, the IMPC turned to some powerhouses in breeding, includ- 
ing Charles River Laboratories in Wilmington, Massachusetts. 
“The repository of knockout-mouse lines and the corresponding 
phenotypic data will lead to a global availability of novel mouse 
models across many areas of disease,” says Ilva Morse, corpo- 
rate vice president, Charles River Genetically Engineered Mod- 
els and Services. “Because of the IKMC and IMPC’s efforts, 
researchers will be able to search for specific genes, examine 
the primary phenotype screens, and then get the animals for 
further testing.” 

Once all of the knockout mice are phenotyped, researchers will 
be able to use a database to review some of the fundamental 


“The standard lab mouse is 
not exactly what we thought 


in terms of diversity.” 


anatomical, biochemical, and physiological impacts of each 
gene as well as possible disease-related factors. This phenotypic 
database should free researchers and resources to pursue 
more complex questions, such as how genes interact with 
environmental factors. 


MAKING MOUSE MODELS MORE DIVERSE 

Rather than only working with existing mouse strains, some re- 
searchers are developing new ones since many of the existing 
strains have little genomic variation. “The standard lab mouse 
is not exactly what we thought in terms of diversity,” says John 
French, leader of the host susceptibility group at the National 
Institute of Environmental Health Sciences in Research Tri- 
angle Park, North Carolina. He explains that inbreeding has 
created some identical regions in the genomes of lab mice. For 
example, rather than having gene variants at a specific locus, 
inbred mice often all have the same allele in that spot. Conse- 
quently, mice from one line can be very similar to each other but 
extremely different from other mouse lines. For example, French 
describes using 18 strains of inbred mice to study the physiologi- 
cal impact of benzene exposure on biochemical processes that 
modify foreign compounds, such as drugs or poisons. Some 
characteristics—such as the amount of benzene in the blood af- 
ter the same level of exposure—varied by as much as 36-fold 
between the strains. French notes that benzene exposure can 
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- “Genetically engineered cell lines for 
breast cancer are our biggest offering.” 
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lead to leukemia in both mice and humans, and this variance be- 
tween inbred strains may be useful for risk assessment, because 
some strains may show higher incidence of disease than others. 

Other experts also worry about the lack of diversity in tradition- 
al mouse lines. “The way rodent models have been used in drug 
development and toxicity testing only surveys a limited scope 
of the genetic diversity that’s available,” says Gary Churchill, a 
biostatistician at The Jackson Laboratory in Bar Harbor, Maine. 
“To assess if a drug will have dangerous side effects in a subset 
of the human population, we must sample broad genetic diversity 
in the model system.” 

To meet that need, Churchill and his colleagues created the 
Diversity Outbred (DO) Mouse population, which represents 
45 million single nucleotide polymorphisms (SNPs) and 4 mil- 
lion copy number variations. As Churchill says, “We've captured 
mouse genetic diversity.” In comparison, the most commonly 
used strains of mice—roughly 100 of them—only include about 
12 million SNPs. 

When studying a drug’s impact, Churchill says, it will probably 
take 100-200 DO animals to explore the potential for diverse ef- 
fects. Using this many animals should cover all of the SNPs and 
copy number variations, which will indicate how the drug would 
perform when encountering various genotypes. 

During drug development, testing a new compound for toxicity 
is vital. However, Alison Harrill, a research investigator at The 
Hamner Institutes for Health Sciences in Research Triangle 
Park, North Carolina, says, “Drug safety is becoming a key bot- 
tleneck.” When taking a new compound from the discovery stage 
through to regulatory approval, toxicity testing can take so much 
time and effort that it slows down the entire process. Moreover, 
some toxicity issues only emerge after a drug has gained regula- 
tory approval. For instance, Harrill says, “Hepatotoxicity issues 
[have been found to] exist in about one-third of drugs pulled from 
the market.” 

In hopes of revealing toxicities at the research stage, Harrill 
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works with DO mice because, she says, they provide a “better 
estimate of human responses and identify genetic variants that 
might increase the risk of an adverse drug reaction.” She also 
notes that this strategy can be used to rescue drugs that have 
failed toxicity testing in previous clinical trials and allow research- 
ers to develop screens that predict which patients would respond 
safely to the drugs and which ones would not. 


MODELS OF METABOLISM 

Mouse models of diseases can also help researchers find new 
drug targets. For diabetes, for instance, scientists at Lexicon 
Pharmaceuticals in The Woodlands, Texas, searched the 
company’s collection of knockout mice for animals that have 
altered glucose control. According to Brian Zambrowicz, chief 
scientific officer, they found that knockout mice lacking the gene 
for either sodium-dependent glucose transporter 1 (SGLT1) or 
SGLT2 exhibited a “much improved oral glucose tolerance,” or 
the ability to maintain balanced blood levels of glucose after 
eating. Because type II diabetes causes glucose levels to rise 
dangerously high in the blood, Zambrowicz and his colleagues 
hoped that a compound that blocks SGLT1 and 2 might treat the 
disease. The Lexicon scientists then developed cell-based assays 
to screen for compounds that inhibit these transport proteins and 
discovered LX4211, a compound that inhibits both transporters. 
One way this compound helps to maintain a balanced level of 
blood glucose is through its effects on SGLT2, which participates 
in the absorption of glucose by the kidney. Blocking this protein 
increases the amount of glucose that gets excreted in urine. In 
addition, LX4211 triggers the release of glucagon-like peptide-1 
and peptide YY in the gastrointestinal track, and this mechanism 
provides further glucose regulation. 

Genomic tools can also be used to reveal how a drug is me- 
tabolized. For example, Xavier de Mollerat, senior scientist at 
Life Technologies in Carlsbad, California, says that a scientist 
who suspects that a drug’s metabolism depends on a specific re- 
ceptor can use small interfering RNA (siRNA) to knock down, or 
inhibit, the receptor’s expression and measure the drug’s distri- 
bution before and after treatment. If the measurements differ, the 
receptor is involved. Researchers can also use this technique to 
make a transient animal model of a disease. If the lack of one or 
more genes is known to be involved in a disease, a researcher 
can use siRNA to knock down the gene(s). For example, Invivo- 
fectamine 2.0 from Life Technologies can simultaneously silence 
up to four genes with just one application of siRNA. As explained 
by de Mollerat, “This technology’s lipid delivery system is de- 
signed to use siRNA in vivo. You inject the siRNA, and it knocks 
down its targets for weeks.” 

This technology also only requires a few steps. A scientist com- 
bines the desired siRNA with the Invivofectamine 2.0 reagent, 
performs a couple of simple processes, such as an incubation 
step, and then injects the mixture into the animal’s blood stream 
or to a more specific location if desired. According to de Molle- 
rat, the siRNA will knock down the gene’s protein expression by 
80-90 percent. “If you know the sequence, you can target it,” de 
Mollerat says. 

De Mollerat says that similar technology might work with mes- 
senger RNA (mRNA). Then, a researcher could compare knock- 
ing down a gene with siRNA to overexpressing it continued> 
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FEATURED PARTICIPANTS 


Autism Speaks 
www.dutismspeaks.org 


Broad Institute 
www.broadinstitute.org 


Charles River 
Laboratories 
www.criver.com 


GNS Healthcare 


www.gnshealthcare. 
com 


Lexicon Pharmaceuticals 
www.lexgen.com 


Life Technologies 
www lifetechnologies. 
com 


Luminex 
www.luminexcorp.com 


National Institute of 
Environmental Health 
Sciences 
www.niehs.nih.gov 


Pfizer 
www.pfizer.com 


Sigma Life Sciences 
www.sigmaaldrich. 
com/life-science.html 


The Hamner Institute 
for Health 
www.thehamner.org 


The Jackson Laboratory 
WWw.jJOX.org 


Transposagen 
Biopharmaceuticals 
www.iransposagenbio. 
com 
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National Cancer Institute 
www.cancer.gov 


with mRNA. That would provide further information about a 
gene’s function in general or how it participates in a disease. 


RESEARCHING NEW DISEASES WITH RATS 

Although mice have been the main bioengineered animal used 
for disease modeling in the past and will continue to be abun- 
dant in the future, genomically modified rats will also become an 
increasingly common tool. The numerous and extensive history 
of existing mouse lines provide good reasons to stick with this 
rodent, but the rat model offers upsides of its own. Just the larger 
size of rats can enhance certain aspects of drug research. For 
example, when scientists need a large amount of blood, such 
as for testing a compound’s absorption, distribution, metabo- 
lism, and excretion (ADME), it is easier to obtain the necessary 
quantity from bigger animals. In addition, the physiology of liver 
metabolism in rats resembles that of humans more closely than 
mice do. 

Consequently, bioengineered rat models will likely become 
more widely available in the next few years. For example, 
Charles River Laboratories arranged to distribute rat models of 
cancer related to the genes p53 and BCRP from Transposagen 
Biopharmaceuticals in Lexington, Kentucky. As Morse explains: 
“New methods for manipulating the rat genome further advance 
functional genomics and allow us to make novel models of hu- 
man disease.” Even Pfizer, headquartered in New York, New 
York, is providing a genetically engineered rat model of diabetes 
to Charles River for distribution. 

Scientists are continually expanding the catalog of diseases 
modeled in rats. One of the most exciting new advances arose 
from a collaboration between scientists at Sigma Life Science in 
St. Louis, Missouri, and Autism Speaks, an advocacy group. 
As Edward Weinstein, director of Sigma Advanced Genetic 


Produced by the Science/AAAS Custom Publishing Office 


Engineering Labs, explains, “We thought that we could use rats to 
make some impact on autism.” So he and his colleagues worked 
with Autism Speaks to help them “connect to the community 
and understand what the best models to make would be,” 
Weinstein says. 

Through this collaboration, Sigma scientists learned that a 
range of genes—including MECP2, FMR1, NLGN3, and oth- 
ers—contribute to autism. Consequently, Weinstein and his col- 
leagues developed knockout rats for many of these genes. 

“We hope that using a higher level organism—a rat instead of 
a mouse—will help unravel some of [the genomic complexity of 
autism],” explains Weinstein. 


BEYOND THE ANIMAL MODEL 

Creating models for clinical research does not solely depend on 
animal use these days. When conducting drug research, scien- 
tists often turn to cells for modeling as soon as possible, and 
Sigma Life Science offers a range of disease-model cell lines. 

In particular, Sigma makes many cell lines for cancer research. 
Brad Keller, product manager at Sigma Life Science, says, “Ge- 
netically engineered cell lines for breast cancer are our biggest 
offering.” He adds that they also have cell lines for colorectal and 
lung cancer. “Each cell line is specific,” says Keller. For example, 
a cancer cell line will include a mutated gene discovered in pa- 
tients with the disease. Moreover, these cell lines are created 
from human cells, which makes any experimental results more 
relevant to human disease. 

Beyond cell lines, some projects involve computer simulations. 
For instance, the Broad Institute in Cambridge, Massachusetts, 
developed The Connectivity Map (cmap), which uses computer 
algorithms and genome-wide expression data to explore the 
connection between diseases, genes, and drugs. To expand 
cmap, researchers developed the L1000 assay, which runs on 
the FLEXMAP 3-D system from Luminex in Austin, Texas. This 
assay can screen about 1,000 genes per sample. “The assay 
makes genome-wide transcriptional profiling of compound treat- 
ments possible at library scale for the first time,” says Matt Grow, 
Luminex’s manager of strategic development. 

In addition, Colin Hill, chief executive officer at GNS Healthcare 
in Cambridge, Massachusetts, points out that computer models 
“are being seen more and more as an important alternative to 
animal models.” As an example, the National Cancer Institute 
of the U.S. National Institutes of Health came to Hill’s company 
for the analysis of data from genetically modified mouse mod- 
els of nonsmall cell lung cancer. In short, Hill’s machine learning 
technology is searching the data—from imaging, genes, pathol- 
ogy, and more—for connections that could reveal mechanisms 
behind this cancer. 

By combining animal models, cell lines, and simulations, 
researchers are now able to develop a wide ranging tool- 
kit for modeling diseases. This breadth of models then allows 
for more in-depth testing of new drugs in a wider range of 
genomic variations. 


Mike May is a freelance writer and editor for science and technology. 
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PERSONAL UV-VIS SPECTROPHOTOMETER 


The NanoDrop Lite is a compact ultraviolet-visible microvolume spectrophotometer. The new 
instrument is small enough to fit in a drawer, but powerful enough to help accelerate life science | 
workflows related to sequencing, polymerase chain reaction (PCR)/real-time PCR, protein isola- 
tion, antibody production, HLA typing, and other applications. While NanoDrop Lite is designed 
with fewer features than the 2000 or 8000 series, it delivers where it counts: rapid, accurate, 


sample retention technology that has become a hallmark of NanoDrop instruments and surfaces ya y" : 


and reproducible microvolume measurements without the need for dilutions. It uses the same 


can simply be wiped clean between samples. Features include local control and an optional = 
docking printer that prints freezer-compatible, adhesive labels, offering even more convenience ~ es 

in the lab. The NanoDrop Lite can measure nucleic acid and protein concentration in sample Sn 
sizes between 1.0 and 2.0 uL and can measure 260/280 ratios for nucleic acids. , 


Thermo Fisher Scientific 
For info: 877-724-7690 | www.thermoscientific.com 
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NEXT GENERATION SEQUENCING SYSTEM 

The HiSeq 2500 is a next generation sequencing system that en- 
ables researchers and clinicians to sequence an entire genome in 
approximately 24 hours. The HiSeq 2500 offers: Unprecedented 
speed and flexibility with two modes allowing researchers to gener- 
ate 120 gigabases (Gb) of data in 27 hours, or 600 Gb in a standard 
HiSeq run; high-quality data with a system that uses proven SBS 
chemistry that has made both the HiSeq 2000 and the MiSeq sys- 
tems the most accurate next generation sequencers; expanded ap- 
plications enabling researchers to sequence a human genome or 20 
exomes in a day, or 30 RNA sequencing samples in as little as five 
hours; industry-leading simplicity and ease-of-use with an integrated 
cluster generation process that enables a simplified workflow; and a 
simple, field-based upgrade for the HiSeq 2000. 

Illumina 

For info: 800-809-4566 | www.illumina.com 


NGS LIBRARY PREP MODULES 

The NEXTflex DNA, ChIP-Seq, and PCR-Free Modules offer in- 
creased flexibility to next generation sequencing (NGS) library prep- 
aration. Modules are available for each step in the library preparation 
protocol including end repair, adenylation, ligation, and polymerase 
chain reaction (PCR). The modules are suitable for the library prepa- 
ration from genomic or ChIP DNA for sequencing using Illumina’s 
GAIlx, HiSeq, and MiSeq instruments. They provide substantial cost 
savings for scientists who will be preparing 100 or more samples 
for sequencing. The master mix modules streamline the workflow 
and in combination with up to 96 NEXTflex Barcodes, these mod- 
ules are ideally suited for high throughput library preparation. The 
ligation modules feature the proprietary “Enhanced Adapter Ligation 
Technology” which results in library preps with a larger number of 
unique sequencing reads. Every NEXTflex Module passes rigorous 
enzymatic quality control and is functionally validated by sequencing 
on an Illumina platform. 

Bioo Scientific 

For info: 888-208-2246 | www.biooscientific.com 


GENE FRAGMENTS 

gBlocks Gene Fragments are double-stranded, sequence-verified 
genomic blocks up to 500 base pairs. Their high sequence fidelity 
and rapid delivery time makes gBlocks Gene Fragments ideal for a 
range of biology applications, including easy assembly of multiple 
gene fragments to reliably generate larger gene constructs. gBlocks 
Gene Fragments significantly reduce the cost for synthetic gene syn- 
thesis to less than US$0.20 per base pair. gBlocks Gene Fragments 
are provided as linear double-stranded DNA rather than already 
cloned into a vector, meaning that they can be easily and quickly 
utilized for a wide range of applications including custom protein syn- 
thesis, microRNA analysis, and in vitro transcription. For this reason, 
they are available with or without 5’ phosphate modification depend- 
ing on the required application. Each order is supplied as 200 ng of 
dried DNA, ensuring maximal stability prior to use, with most orders 
delivered within 3-4 business days. 

Integrated DNA Technologies 

For info: 800-328-2661 | www.idtdna.com 


1-STEP RT-PCR KIT 

The 1-Step RT-PCR Kit is designed for optimal convenience in carry- 
ing out highly sensitive and specific reverse transcription polymerase 
chain reactions (RT-PCR) in a single tube. 1-Step RT-PCR is a varia- 
tion of the standard two-step RT-PCR, in which all components of 
the RT and PCR are mixed in one tube prior to starting the reac- 
tions so that RT and PCR can be carried out sequentially in one 
tube. The one-step method offers tremendous convenience when 
applied to analysis of single targets from multiple RNA samples and 
minimizes the possibility for introduction of contaminants into reac- 
tions between the RT and PCR steps. 1-Step RT-PCR Kit includes: 
AMV Reverse Transcriptase (from avian myeloblastosis virus), an 
optimized enzyme Taq DNA Polymerase (from Thermus aquati- 
cus), a unique 10x concentrated RT-PCR buffer, our dNTP mixture, 
ribonuclease inhibitor, and DEPC-treated water. 

G-Biosciences 

For info: 800-628-7730 | www.gbiosciences.com 


Electronically submit your new product description or product literature information! Go to www.sciencemag.org/products/newproducts.dtl for more information. 


Newly offered instrumentation, apparatus, and laboratory materials of interest to researchers in all disciplines in academic, industrial, and governmental organizations are 
featured in this space. Emphasis is given to purpose, chief characteristics, and availability of products and materials. Endorsement by Science or AAAS of any products or 
materials mentioned is not implied. Additional information may be obtained from the manufacturer or supplier. 
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LOCATION: University Faculty Lounge 
ARTICLE: The Visual Impact of Gossip 
DATE: Sep 21, 4:22pm 


LOCATION: Jackson Park Health Club 

ARTICLE: An Electronic Second Skin 

DATE: Sep 21, 7:43am 
LOCATION: Gyro King 
ARTICLE: Cavemen Craved 
Carbs, Too 
DATE: Sep 21, 1:13pm 


LOCATION: Hemlock Bar 

ARTICLE: Quantum Simulation 

of Frustrated Classical Magnetism 
in Triangular Optical Lattices 
DATE: Sep 21, 9:21pm 


LOCATION: Bed 


ARTICLE: Consciousness: 
What, How and Why 
DATE: Sep 21, 10:56pm 


A new way to look at science 


The new Science Reader app for iPad® from AAAS puts Science in your 
hands, wherever you go. Read abstracts, career advice, and highlights 
from our newest journals, Science Signaling and Science Translational 
Medicine. Plus, AAAS members can access full text articles from Science. 
Visit iTunes App Store™ or content.aaas.org/ipad for details. 


[] Available on the Science 
App Store 


Antibodies and Related Reagents for Signal Transduction Research 
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Phospho-p44/42 MAPK human breast carcinoma C2012 + TPA 

(Thr202/Tyr204) 


Events 


144/42 MAPK human colon carcinoma HT-1080 + PDBu 


Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) (D13.14.4E) XP° Rabbit mAb #4370 
(top) and p44/42 MAPK (Erk1/2) (137F5) Rabbit mAb #4695 (bottom). 
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The Highest Quality 


MAPK Antibodies 


are trom Cell Signaling Technology 
Unparalleled product quality, validation, and technical support 


Over 30 thoroughly validated 2: CST™ phospho and total protein MAPK 
MAPK Antibodies available antibodies offer unsurpassed specificity, 


sensitivity, and performance. 
Cell Signaling Technology (CST™) offers the 


widest range of phospho and total protein :: Extensive in-house validation in a wide range 


: ; of applications means that optimization is not left 
MAPK antibodies. These reagents are the most up to you, the user. 


MOPOURD IY Variegted widely sedan migaly :: Technical support is provided by scientists 


cited MAPK antibodies available. who produce the products and know them best. 


WINNER! Life Science Industry Awards® 
=: Best Antibodies =: Best Breakthrough Products for Cancer Research 


for quality products you can trust... : 
; ial Cell Signaling 


www.cellsignal.com 


Orders (toll-free) 1-877-616-CELL (2355) orders@cellsignal.com | Fax ordering 1-978-867-2488 | Technical support (toll-free) 1-877-678-TECH (8324) support@cellsignal.com | Inquiries info@cellsignal.com 
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online @sciencecareers.org 


Science Careers 


Science Careers 
Advertising 


For full advertising details, go to 
ScienceCareers.org and click 
For Employers, or call one of 
our representatives. 


Tracy Holmes 

Worldwide Associate Director 
Science Careers 

Phone: +44 (0) 1223 326525 
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with applicable U.S. and non-U.S. laws. Science 
reserves the right to refuse any advertisement 
at its sole discretion for any reason, including 
without limitation for offensive language or 
inappropriate content, and all advertising is 
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PATHOLOGY POSITION 


Cancer Research Program 


The Cancer Institute of New Jersey (CINJ), part of the University of Medicine & Dentistry 
of New Jersey (UMDNJ)-Robert Wood Johnson Medical School (RWJMS) seeks an active 
researcher with the skills and energy to integrate well with existing multidisciplinary 
Cancer Programs. An attractive component of the program is the access to translational 
laboratories for clinical investigators. The CINJ seeks to expand significantly the breadth 
and scope of existing research programs. We are looking to identify a Pathologist for this 
exciting and challenging position during this academic year. 


Candidates must have an MD, MD/PhD or related degree. This position will include a 
role as Director of Pathology for CINJ and oversight for the Tissue Analytic Services core 
facility. It is anticipated that candidates will oversee a research program and be willing 
to collaborate with UMDNJ, RWJMS, CINJ, Rutgers University and Princeton University 
investigators with similar research interests. Primary academic appointment will be in the 
Department of Pathology and Laboratory Medicine, and resident member of CINJ. Rank 
will be commensurate with experience and there is an excellent benefits package. 


CINJ, part of a comprehensive educational health science and hospital complex with 
convenient access to public transportation and major highways, is located in New 
Brunswick, New Jersey, approximately one hour from New York City and Philadelphia, 
and in the middle of the Washington-Boston corridor. Moreover, the majority of 
pharmaceutical companies are located near the CIN) complex. This proximity allows for 
collaborations at several levels, which is the norm for CINJ members. 


Nominations, letters of interest, and CVs should be addressed to: Robert DiPaola, MD, 
Director, The Cancer Institute of New Jersey, Chair, Search Committee, c/o Larissa 
Varela, 120 Albany Street, Tower 2, 5th Floor, New Brunswick, NJ 08901; E-mail: 
varelalc@umdnj.edu. 


The UMDN) is an Affirmative Action/Equal Opportunity Employer M/F/D/V and a member of the 
University Health System of New Jersey. 


Vienna University of Technology 


Vienna Doctoral Programme on Water Resource Systems 


The Centre for Water Resource Systems at the Vienna University of Technology announces 
competition for the second intake of doctoral candidates for the Doctoral Programme on Water 
Resource Systems. The programme is anticipated to host a total of 70 doctoral students over a 
period of 12 years. This is a dedicated programme of the Austrian Science Fund (FWF) that 
promotes doctoral research and education at the highest standards and provides excellent 
opportunities for cross-disciplinary research. International networking is facilitated by a mobility 
programme with a spectrum of attractive international partner institutions and a comprehensive 
guest scientist programme. 


Eight PhD student positions are available in the following research themes related to Water 
Resource Systems: 

+ Flood-hydrology Regional nutrient management 

* Aquatic microbiology * Soil moisture remote sensing 

+ Diffuse water pollution + Mechanics of structures 

* Socio-hydrology and environmental economics + Micro-meteorology 


Applicants for the PhD student positions must have a Master's degree (or equivalent) in a 
discipline related to water resource systems. The working language of the programme is English. 
Students are expected to work across disciplines and in cooperation with others. A capacity and 
willingness to integrate and collaborate is essential. 


The Programme provides a salary according to the FWF scheme, together with a significant 
allowance for travel and research support. TU Wien is an equal opportunities employer. The 
contracts will be for three years and extension to a fourth year is possible. The preferred starting 
date is Oct. 1, 2012. 


Candidates should send a letter of application, a statement of research interests, copies of 
education certificates and a Curriculum Vitae to office@waterresources.at (pdf format), or as a 
hard copy to The Centre of Water Resource Systems, c/o Dr. Gemma Carr, Vienna University of 
Technology, Karlsplatz 13/222-2, A-1040 Vienna, Austria. Please quote reference: DK-WRS. 


Application deadline is April 30, 2012. Short listed candidates will be invited to a selection 
seminar. Financial support towards travel expenses is available on request. Information about the 
Doctoral Programme on Water Resource Systems may be viewed at http://waterresources.at 
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Post-Doctoral Fellowship Programme: 
UCB seeking world-class post docs 
to lead pioneering: research projects. 


UCB, a global biopharmaceutical leader focusing on central 
nervous system and immunological disorders, is currently 
seeking industry leading scientists to join our post doctoral 
programme based at research centres in Belgium and the 
UK*. 

UCB is a patient-centric biopharmaceutical company dedicated to the 
research, development and commercialisation of innovative medicines. 


Already the leader in epilepsy, UCB is committed to providing novel 
solutions for people with severe conditions such as Parkinson’s disease, 
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rheumatoid arthritis, and restless legs syndrome. Employing more than “There’s a true focus on high quality 
8,500 people in over 40 countries, UCB produced revenues of € 3.2 : fundamental scientific research. We 
billion in 2010. UCB NewMedicines is UCB’s discovery research to : have an excellent supportive mentor 


and the working environment is 
positive and dynamic, with ongoing 
opportunities to collaborate and swap 
new ideas with people from various 


clinical proof-of-concept organisation charged with building a prolific 
pipeline of differentiated molecules by channelling exquisite science for 
industry-beating performance. 


Our research centres are home to a wealth of internal skills and : departments.” 

experience in our chosen therapeutic areas, allied to unique and : Manuela, UCB post doc scientist 
proprietary technology platforms. Our networks with leading global 
academic and industrial partners ensure access to novel technologies, 
targets and collaborative services. Our intellectual and scientific 
capability is evidenced not only by our record of proven delivery of 
drugs to patients but also by our scientists having published work in 
leading journals. 


We are seeking post docs with expertise in one or more of the 
following: 

immunology; neurobiology; Parkinson’s Disease; immunohistochemistry; 
molecular and cell biology; computer and mathematical modelling; mass 
spectrometry; cell signalling; siRNA; synthetic organic chemistry. 


“Scientific challenges from my UCB 
colleagues enhanced my creative 
thinking, and | have amassed 
information on broad areas of 
expertise, including drug discovery and 
the clinical perspective of scientific 
research. My experience at UCB has 
certainly broadened my career 
options.” 


j : 
Slough (UK) oe Braine-lAlleud (Belgium) : Gaurav, UCB post doc scientist 


If you want to develop your career with an innovative biopharmaceutical company and contribute 
to our outstanding record of achievement please view the post-doctoral opportunities available 
through our 2012 programme. Further details on the specific projects for which we are recruiting 
and details of how to apply are available at: http://www.ucb.com/rd/post-doctoral-programme 


* Brussels (BE) and Slough (UK) 


UNIVERSITY OF CALIFORNIA 


UCRIVERSIDE 


Health = Sustainability = Policy = Technology 


LIVING THE ~~ 


INNOVATIVE THINKING , 
BREAKTHROUGH RESEARCH 


REAL-WORLD SOLUTIO aU 


Inspired by nature: By studying 


S TAINABILITY sea urchins, corals and snails, UCR 


engineers learn to synthesize new 
$0 LUTI 0 NS materials like lightweight armor and 


flexible ceramics. 


Protecting crops from disease while reducing 
pesticides 


Preserving fragile ecosystems impacted by 
climate change 


Improving air quality through cleaner emissions 
Combating costly, destructive invasive species 


Explore more solutions: 
promise.ucr.edu 


Université Lille 2 
Droit et Santé 


Université Lille Nord de France 


Join a University of Excellent, leader in Higher 
Education and Research. 


Located at the very heart of a region opened 
on the world, Lille 2 University is member 
of the Research and Higher Education Cluster 
« Lille Nord de France University ». 


> Section: Recrutement et concours 


Contact : christelle youmba@univ-lille2.fr 


Business administration 


Multiple Faculty Positions in Biomedical Sciences Research 
Institute of Biosciences and Technology 


The Texas A&M Health Science Center Institute of Biosciences and 
Technology (IBT), http://ibt.tamhsc.edu/, an internationally recognized 
leader in biomedical research located at the Texas Medical Center in Houston, 
TX, is recruiting multiple faculty members at all levels to develop outstanding 
research programs that complement existing strengths in Cancer Biology, 
Infectious Disease, Cardiovascular Physiology, and Environmental Health. 
As the new home for the Gulf Coast Consortium for Chemical Genomics, 
http://gulfcoastconsortia.org/Research/John_S. Dunn_Gulf_Coast_ 

Consortium_for_Chemical_Genomics.aspx, and the joint Baylor/IBT 
Center for Advanced Imaging, candidates with research interests in high 
throughput screening technologies, drug discovery and translational research 
and/or programs that would be accelerated by access to high resolution, high 
content imaging capabilities are especially encouraged to apply. 


Applicants should have M.D., Ph.D. or M.D./Ph.D. degree in biochemistry, 
molecular biology or a related science and an outstanding publication 
record; applicants at the Assistant Professor level should have at least 3 
years post-doctoral experience. The IBT is entering an expansion phase and 
will be recruiting multiple new faculty who will receive highly competitive 
packages for salary, start-up and support for graduate education, along 
with outstanding laboratory and office space in the Texas A&M Health 
Science Center Alkek Building in the Texas Medical Center. Successful 
candidates will be expected to establish his/her independent research group, 
conduct highly meritorious research, establish collaborations with other 
investigators in the Texas Medical Center and components in the Texas A&M 
University System, and to obtain significant extramural funding. Applications 
will be received and evaluated on a rolling basis until May 31, 2012. To apply, 
please send a cover letter, curriculum vitae, statement of research interests, 
copies of key publications, and at least three references letter to: Fen Wang, 
Ph. D., Chair of the Search Committee, Institute of Biosciences and 
Technology, 2121 W. Holcombe Blvd, Houston, TX 77030-3303; E-mail: 
fwang@ibt.tamhsc.edu. 


The Texas A&M Health Science Center is an Affirmative Action, 
Equal Opportunity Employer. 


CHAIR POSITION IN oes eS 
POLYMER AND CATALYSIS IN mmol ca 
THE KAUST CATALYSIS CENTER 


The Catalysis Center at King Abdullah University 

of Science and Technology (KAUST) is launching a 
Professor Chair, sponsored by SABIC, in the field of 
Polymer Sciences and Catalysis. 


KAUST is an international graduate-level, merit- 
based research university dedicated to advancing 
science and technology through innovative and 
collaborative research and to address challenges 
of regional and global significance. Located on 
the Red Sea coast of Saudi Arabia, KAUST offers 
superb research facilities, generous assured 
research funding, and internationally competitive 
salaries. Further information can be found at: 
www. kaust. edu. sa. 


The KAUST Catalysis Center (KCC) is devoted the ambition of the topic, the profile of 

to Catalysis by Design. The objectives of the candidate could vary from a young 
KCC areto develop new concepts in the researcher to a more mature professor. 
i fields of energy, environment, materials, Applications should include a curriculum 
and nanotechnologies. This center aims for vitae, statements on research plans 
excellence at the international level. To find with brief research proposals as well as 
out about KCC, visit http://kcc. kaust. edu.sa. teaching philosophies. Please submit your 


The theme of research associated with this application to the University’s employment 


Chair is “New Concept in Polymer Catalysis website at: htto://apptrkr.com/233725. 
towards Major Breakthroughs.” Considering 
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BE AT THE FOREFRONT OF SCIENCE 


General Manager Science and Policy 


Opportunities of this calibre rarely become available — the chance to lead some of New Zealand’s finest and most influential scientific 
talent and play an integral role in benefitting the environment. For a seasoned science leader, the level of influence on offer here will 
make this the defining move of your career. 

This is a high level position with a key role in our senior leadership team and in New Zealand’s science community. As Landcare 
Research’s senior representative, you will operate at the science-policy interface working with decision-makers in central and local 
government and in other organisations. Critical to success in this role is your ability to interact closely and at high level with those who 
design, implement and review policies that have implications for our environment. 

You will work in close collaboration with our GM Science and Industry, taking joint responsibility for much of our science output and 
impact. You will have responsibility for five of our ten Science Portfolios; these Portfolios are led by senior scientists with international 
reputations. You will also enjoy time to maintain your own scientific research and networks in the New Zealand and global science 
communities. You will be expected to develop well integrated portfolios of science that combine excellence and relevance, and attract 
science revenue to supplement the organisation’s core funding. 

To fully realise the potential of this role, it’s vital you have considerable leadership expertise gained by driving large-scale science 
programmes and heading up a sizeable scientific team. Naturally you'll be PhD qualified, highly regarded in the scientific community 
and recognised as a leading figure in your related area. Ideally you will have a strong background in terrestrial ecosystems and/or 
biodiversity research, and have an interest in integrative science. 

For the right person, there is also the opportunity to take a joint appointment as a Professor at the University of Auckland’s School of 
Biological Sciences. This is an outstanding opportunity to leverage our collaboration with the University to promote the development 
of science capability among post graduates. In return, you can expect a competitive salary and benefits package, including personal 
development opportunities. Location is also negotiable, so you can be based at any of our major sites. 


For further information please visit our website www.landcareresearch.co.nz/jobs where you will find a position description 
and an online application form. All applications must be received through the Landcare Research website. 
For specific enquiries please contact General Manager People & Culture, Katrina Direen by email direenk@landcareresearch.co.nz 


Applications close Friday, 16 March 2012. 
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Northeastern University CAREER tanning 
College of Science TRENDS “lab 


Northeastern University is a center of use-inspired innovation, with multidisciplinary research teams 
focused on solving the complex problems of our society. We have initiated a search for a cluster of 
tenure or tenure-track faculty members (any level) to build on established strengths in Drug Discovery, 
Delivery, and Diagnostics with initial emphasis in the three areas of Antimicrobials, Neglected Tropical 
Diseases (NTDs), and Global Public Health. Applicants from both academia and industry are welcome 
to form the centerpiece of the new Global Health Initiative at Northeastern University. 


Antimicrobial Research and Discovery 

We are seeking an expert in basic research related to antimicrobial agents, and/or a specialist in 
antimicrobial discovery. Specific areas of interest include antimicrobial agents acting against bacterial 
or protozoan pathogens. 


Medicinal Chemistry for Neglected Tropical Diseases 

We invite applications from experts focused on medicinal chemistry and natural product approaches 
for anti-infective drug discovery, particularly pertaining to those diseases relevant to Global Health. 
Responsibilities will include establishment of an independent, externally funded research program, 
particularly in the context of a multi-disciplinary drug discovery team. 


Public Health for Neglected Tropical Diseases 

We seek proven experts in the area of public health practice and policy making who are interested in 
applying their skills toward strengthening health systems to respond to the high burden of NTDs in ScienceCareers 
low- and mid-income countries. Experience in health practice, systems or policy related to major 
NTDs such as schistosomiasis, leishmaniasis, onchocerciasis, Human African trypanosomiasis, 
dracunculiasis and lymphatic filariasis, especially at the international level, is vital. pels 


To view full job descriptions, visit ee Science Careers 


Northeastern.edu/cos/pdfs/drugdiscoverypositions.pdf, or scan the QR code: fiom thejoumal Selene AN 5 


org / booklets 


Although we are seeking applicants at the tenure and tenure-track level, applicants at all levels will be considered. Brought to you by the 
Northeastern University is an Equal Opportunity, Affirmative Action Educational Institution and Employer, Title IX AAAS/Science Business Office 
University. Northeastern University particularly welcomes applications from minorities, women and persons with 
disabilities. Northeastern University is an E-Verify Employer. 


Gohmensfolwen 


FAMILY OF COMPANIES 


What type of mark 
will you make’? 


PHARMACEUTICAL SEGMENT 
Career Opportunities 


Sr. Oncology Biomarker Scientist — Req # 6257120103 

Will assist with the design and implementation of biomarker strategies for compounds developed for 
hematological indications and will design novel research strategies to identify candidate biomarkers that 
may predict response or resistance to the drug. 


Sr. Scientist, Molecular Pathology & Histotechnology — Req # 6207120104 
Will oversee day to day operations of the histopathology core laboratory, ensure timelines are met, and 
lead development of assays that support compound development programs. 


Sr. Scientist, Oncology Biomarkers — Reg # 6195120104 

Responsible for assisting with the design and execution of biomarker strategies as directed by the 
Biomarker Lead and will interact with clinical teams and other involved partners in other functional areas 
to explain the biomarker strategy and the value of anticipated results. 


Manager, Biomarkers Operations — Req # 000003N3 

Responsible for the implementation and oversight of biomarker strategic objectives within clinical 
trials and for representation on clinical teams and compound development teams as directed by the 
biomarker leader. This position is based in Beerse, Belgium. 


Oncology Biomarker Sr. Clinical Operations Scientist — Req # 6359120105 

Responsible for the oversight and implementation of biomarker operational objectives in clinical trials 
including budget, presentations, and study documents and all sample logistics within clinical trials from study 
start-up through final close-out visit ensuring that all regulatory and organizational requirements are met. 


Associate Director, Immuno-Oncology Biomarkers — Req # 6476120105 

Responsible for discovering and developing biomarkers for immuno-oncology compounds in the 
biomarker department. Will be functional lead in the early compound development teams and a member 
of compound development teams once the project reaches NME status. 


Scientist, CTC Molecular Assay Development — Reg # 7060120116 
Responsible for investigating and developing improvements to existing processes and developing new 
processes for novel molecular biomarker assays for analysis of CTCs in model system and clinical trial samples. 


Visit careers.jnj.com to apply 


If you need assistance locating these positions on our website, 
please email HWillia8 @its.jnj.com. 


© Johnson & Johnson Services, Inc. 2012. Johnson & Johnson Services, Inc. is a member of the Johnson & Johnson Family of Companies. 
Johnson & Johnson companies are equal opportunity employers. 


BE VITAL 


Careers.jnj.com 


_, 
Janssen 


PHARMACEUTICAL COMPANIES 


OF olurenafohwon 


Janssen Research & 
Development, LLC, a 
Johnson & Johnson company, 
improves the health and 
lifestyles of patients worldwide 
through its efforts of 
discovering and developing 
targeted cancer therapeutics. 
The company’s oncology 
portfolio includes both 

large and small molecule 
compounds. 


online @sciencecareers.org 
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IIN Postdoctoral Fellowships in Nanotechnology 


The International Institute for Nanotechnology (IIN) at Northwestern University 
is seeking extraordinary, young scientists and engineers who are pursuing leading- 
edge nanotechnology research for I[N Postdoctoral Fellowships. A global hub of 
excellence in the field, the ITN unites more than $550 million in nanotechnology 
research, infrastructure, and education under a single umbrella. Its collaborations 
with other universities, research institutions, and industry partners span 18 
countries—and bridge the boundaries among science, engineering, and medicine. 


Two-year IIN Postdoctoral Fellowships include a $65,000 stipend, 
as well as research and travel funds per annum. 


Qualified candidates must be U.S. citizens and expect to earn a doctoral degree 
within the next year. They must have demonstrated innovation as well as 
outstanding achievement in their doctoral research and possess independent 
research abilities and ambitious scientific goals. Applicants must not hold any 
position, paid or unpaid, with Northwestern University throughout the 
nomination and award process. 


Application Process: 

Applicants must secure a postdoctoral appointment with an IIN faculty member 
(see faculty list at iinano.org)—and be nominated for an IIN Postdoctoral Fellow- 
ship by the sponsoring professor. The IIN is not accepting self-nominations and 
cannot respond to all queries. Please contact professors directly and mention your 
interest in the IIN Postdoctoral Fellowship. After candidates are nominated by 
sponsoring faculty, they will be evaluated by the IIN Executive Committee. 

Select nominees will be invited to apply. 

www.iinano.org 

nanotechnology@northwestern.edu 


Deadline: 
IIN Postdoctoral Fellowships are awarded on a rolling basis, up to six per year. 


Northwestern University is an Affirmative Action, Equal Opportunity Employer. 
Women and minorities are encouraged to apply. 


: @ INTERNATIONAL INSTITUTE 
NORTHWESTERN ee FOR NANOTECHNOLOGY 
UNIVERSITY Northwestern University 


Junior and Senior Faculty positions in 
Computational Biology, Genomics and 
Systems Biology 


Beijing Institute of Genomics, Chinese Academy of Sciences (CAS), 
Beijing, China 


Beijing Institute of Genomics (BIG) invites applications for faculty 
positions in the following areas: 


1. Computational biology that encompasses the development of 
computational tools and the applications of such tools to biological 
questions. Algorithm, software and database developments are 
encouraged. 

2. Large-scale sequencing, assembly, annotation and analysis as well as 
sequencing technology and instrument R&D. 

3. Systems biology, including the analysis of transcriptome, epigenome 
and proteome, that addresses fundamental biological questions. 

4. Synthetic biology that focuses on the applications of genomics to 
questions of biosynthesis, and genomic engineering. 


Candidates must have a doctoral degree, postdoctoral training and a 
proven record of high level publishing in order to qualify for the so-called 
“100 talent” or “1000 talent” programs. BIG has fully-equipped platforms 
for high throughput DNA sequencing, rapid genotyping, and high- 
performance computing. New faculty members will join an interactive, 
interdisciplinary community of scientists at CAS in Beijing Olympic Village. 
BIG offers a competitive start-up package that includes research funding, 
supporting staff, and personal benefits. 


Inquiries in subfields of genomics not listed above are welcome. 
Candidates shall prepare an application package that includes Curriculum 
Vitae, description of past achievement and proposed future research 
(3-7 pages), copies of three representative publications, and a list of 
three referees with detailed contact information. All documents should 
be directed to job@big.ac.cn. 


THE UNIVERSITY OF TEXAS 


MD Anderson 
frances Center 


Making Cancer History” 


Assistant Professor 
in Bioinformatics 


Department of Molecular 
Carcinogenesis 


The Department of Molecular Sharon Y.R. Dent, Ph.D. 

Carcinogenesis and The Center for Professor and Chair 

Research on Environmental Disease i ee 

at the University of Texas MD 

Anderson riallees Center Science MD AbHesSon ballacl Geller 
Science Park 

Park are seeking a non-tenure track 


1808 Park Road 1 
assistant professor with expertise in Smithville, TX 78957 
bioinformatics. 


We seek an individual with experience in carrying out complex 
functional and statistical analyses of biological data, including global 
gene expression analysis, ChIP-Seq, RNA-Seq and pathway analysis. 
This person will develop an interactive research program by collaborating 
with basic scientists on the biological interpretation and analysis of 
mouse and human “omics” data. We are particularly interested in 


individuals with experience in integrating various omics platforms 
and/or performing comparative analyses between species. Strong 
backgrounds in molecular biology, genetics, and statistics are essential. 


Highly motivated and energetic candidates are encouraged to 
provide a current summary of their research goals and their CV 
via email to mdaSciencePark@MDAnderson.Org. Please include 
“MDACC Center Bioinformatics” in the subject line of the email. 


MD Anderson Cancer Center is an equal opportunity employer and does not discriminate on the basis of 
race, color, national origin, gender, sexual orientation, age, religion, disability or veteran status 
except where such distinction is required by law. All positions at The University of Texas MD 
Anderson Cancer Center are security sensitive and subject to examination of criminal history record 
information. Smoke-free and drug-free facility. 


Assistant Professor 
(Basic/Translational Researcher) 


The University of Pittsburgh Department of Neurological Surgery 
is recruiting an experienced translational researcher at the rank of 
Assistant Professor in the tenure stream. Candidates should have a 
doctoral degree and at least five years of postdoctoral experience. 
Candidates must have an established record of receiving nationally 
competitive research support for his/her developing independent 
research program using pluripotent stem cell biology and directed 
differentiation to evaluate the effects of environmental exposures on 
development. In addition to his/her independent project, the successful 
candidate will participate in collaborative projects in neurological 
disease within the department, including the use of pluripotent stem 
cells for basic and translational studies. Additionally, this candidate 
will have responsibility for the overall coordination of the research 
efforts in the newly established Neuroapoptosis Laboratory, including 
the writing and editorial assistance of progress reports, manuscripts, 
and grant proposals. Thus, a background in the regulation and 
mechanisms of apoptosis is required. Salary is competitive and 
commensurate with training and experience. 


In order to receive full consideration, applications must be received 
by April 30, 2012. Send inquiries to : 
Robert Friedlander, M.D. 
Chairman 
Department of Neurological Surgery 
Suite B-400 PUH, 200 Lothrop Street 
Pittsburgh, PA 15213 
(412) 647-6358 
dudekgl@upmce.edu 


The University of Pittsburgh is an 
Affirmative Action, Equal Opportunity Employer. 


The Royal Society 


scientific meetings In 2012 


2012 scientific discussion 
meetings at the Royal Society 


Nuclear energy in the 21st Century 
12 - 13 March 


Organised by Professor Roger Cashmore FRS, 
Professor Robin Grimes and Dame Sue lon FREng 


Signal processing and inference for the 
physical sciences 

26 - 27 March 

Organised by Dr Nick Jones and Dr Thomas Maccarone 


New windows on transients across the Universe 
23 - 24 April 

Organised by Professor Paul O’Brien, Professor Stephen Smartt, 
Professor Ralph Wijers and Professor Kenneth Pounds CBE FRS 


Next-generation molecular and evolutionary 
epidemiology of infectious disease 
14 - 15 May 


Organised by Dr Oliver Pybus, Professor Christophe Fraser and 
Professor Andrew Rambaut 


Photoactivatable metal complexes: from 
theory to therapy 
18 - 19 June 


Organised by Professor Peter Sadler FRS, Professor Akhil R 
Chakravarty and Dr Nicola J Farrer 


Magnetoelectric phenomena and devices 
24 - 25 September 
Organised by Dr Neil Mathur and Professor James Scott FRS 


Regulation from a distance: long-range control 
of gene expression in development and disease 
22 - 23 October 


Organised by Professor Wendy Bickmore and Professor Veronica 
van Heyningen FRS 


Energy transduction and genome function — 
an evolutionary synthesis 
12 - 13 November 


Organised by Dr Nick Lane, Professor John F Allen, Professor 
John A Raven FRS and Professor William Martin 


Achieving food and environmental security — 
new approaches to close the gap 
3 - 4 December 


Organised by Professor Guy Poppy, Professor Paul Jepson, 
Professor John Pickett CBE FRS and Dr Michael Birkett 


Most of the above discussion meetings will be followed by a focused 
satellite meeting at the Kavli Royal Society International Centre - see 
meeting website listing for details. 


EXCELLENCE 
IN SCIENCE 


2012 Theo Murphy meetings 
at the Kavli Royal Society 
International Centre 


Rigidity of periodic and symmetric structures 
in nature and engineering 
23 - 24 February 


Organised by Dr Simon Guest, Professor Patrick Fowler and Professor 
Stephen Power 


Nanolaboratories: physics and chemistry 
of small-molecule endofullerenes 
15 - 16 March 


Organised by Professor Malcolm Levitt FRS, Professor Tony Horsewill, 
Professor Nick Turro and Professor Yas Murata 


Structure and dynamics of the thylakoid 
membrane 

3-4 May 

Organised by Professor James Barber FRS and Professor Peter 
Horton FRS 


New frontiers in anisotropic fluid-particle 
composites 
28 - 29 June 


Organised by Professor John Sambles FRS, Professor Peter Raynes FRS 
and Dr Susanne Klein 


Complex patterns in wave functions — 
drums, graphs and disorder 

5 - 7 September 

Organised by Dr Sven Gnutzmann and Professor Uzy Smilansky 


Handling uncertainty in weather and climate 
prediction, with application to health, 
agronomy, hydrology, energy and economics 
4 - 5 October 

Organised by Professor Tim Palmer FRS 


These meetings are free to attend, 
but pre-registration is essential. 


For more details visit 
royalsociety.org/events 


THE ROYAL SOCIETY 


SVOLOZ ON AlueUD peieisibay 


online @sciencecareers.org 


Science Careers 


MEETINGS 


WOMEN IN SCIENCE 


forging new pathways in green science 


Shreveport 

The Department of Cellular Biology and Anatomy at the LSU Health 
Sciences Center School of Medicine in Shreveport is currently recruit- 
ing faculty members with a Ph.D. or equivalent degree for tenure-track 
positions at the level of Assistant and Associate Professor in the areas 
of Cardiovascular Science or Neuroscience. These positions are being 
filled as part of a major expansion of the research program in the depart- 
ment. Recently renovated state-of-the-art laboratory space, competitive 
salaries and significant start-up packages will support the positions. The 
requirements for Assistant Professor include a minimum of two years of 
post-doctoral research experience and for Associate Professor a minimum 
of three years of experience at the level of Assistant Professor. The suc- 
cessful candidates are expected to have a distinguished record of scholarly 
activity including teaching experience in Cellular Biology and Anatomy, or 
related basic science areas. For the Associate Professor level, extramural 
funding (NIH RO1 or equivalent) is expected. 


Read inspiring stories of 
women working in “Green 
Science” who are blending 

a unique combination of 
enthusiasm for science and 
concern for others to make the 
world a better place. 


online @sciencecareers.org 


This is an exciting opportunity for appropriate candidates to play a sig- 
nificant role in an invigorated department. Numerous outstanding research 
core facilities are available staffed by dedicated research associates. Oppor- 
tunities to interact with investigators of similar interests are available. 
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Download this free booklet 
ScienceCareers.org/LOrealWiS 


Please submit your application with a curriculum vitae and 
names of three references via email to: Dr. William G. Mayhan 
(wmayha@LSUHSC.edu), Professor and Chair, Department of Cel- 
lular Biology and Anatomy, LSU Health Sciences Center, School of 
Medicine in Shreveport, Shreveport, LA 71130. In addition, please 
include a statement summarizing your research plans and teaching expe- 
rience. Review of applications will begin immediately and will continue 


until the positions are filled. 


This booklet is brought to you by the AAAS/Science Business Office 
in partnership with the L’Oreal Foundation 


LSUHSC-S is an Affirmative Action and Equal Opportunity Employer. 


POSITIONS OPEN 


BASIC SCIENCE INVESTIGATORS in 
The Area of HIV and/or HIV-Related Diseases 


The Departments of Microbiology and Medicine 
at the University of Alabama at Birmingham (UAB), 
in conjunction with the Center for AIDS Research 
(CFAR), are seeking for outstanding basic science 
investigators in the area of human immunodeficien- 
cy virus (HIV) and/or HIV-related diseases (tenure 
and tenure-track at ASSISTANT, ASSOCIATE, and 
FULL PROFESSOR Positions). Areas of interest in- 
clude, but are not limited to, HIV immunology, vac- 
cinology, pathogenesis, structural biology, opportunistic 
infections, and diseases associated with HIV, such as 
hepatitis C virus and mycobacterium tuberculosis. Na- 
tionally competitive salaries, startup packages, and. space 
allocations will be offered to successful candidates who 
will have the opportunity to interact with a core group 
of basic and clinical scientists at UAB with expertise in 
many different facets of HIV and HIV-related diseases. 
The University of Alabama at Birmingham is one of the 
top clinical and research institutions in the nation, lo- 
cated in a beautiful, livable, and affordable city with many 
cultural and outdoor attractions. Applicants should send 
curriculum vitae, a summary of research interests and 
the names of three references before April 30, 2012 to: 

Dr. Paul Goepfert 
Professor of Medicine and Microbiology 
Director of the Alabama Vaccine Research Clinic 
908 20th Street South, CCB 328 
Birmingham, AL 35294-2050 
E-mail: paulg@uab.edu 


Get your questions answered. 
Careers Forum 
www.ScienceCareers.org 
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POSITIONS OPEN 


Two POSTDOCTORAL POSITIONS are avail- 
able at the Magee-Womens Research Institute to study 
the genomics of human ovarian failure, uterine anom- 
alies, and tumors using cutting edge sequencing tech- 
nologies. We also utilize transgenic animals to model 
pathologic human variants, study mechanisms, and iden- 
tify therapies. The laboratory utilizes molecular and 
cellular biological techniques, whole exome and ge- 
nome sequencing, chromosomal microarrays, mouse 
animal models, and targeted knockouts. Candidates 
must have a Ph.D. in biochemistry, molecular biology, 
genetics, or related fields; experience with reproductive 
tract preferred. Experience with transgenic mouse 
models and basic molecular biology techniques are 
desirable. Interested candidates should send a cover 
letter, their curriculum vitae, and the names and con- 
tact information of two references electronically to: 


Aleksandar Rajkovic, M.D., Ph.D. 
Director of Reproductive Genetics 
University of Pittsburgh 
Magee-Womens Research Institute 
Department of OB/GYN and Reproductive Sciences 
204 Craft Avenue - A224 
Pittsburgh, PA 15213 
Phone: 412-641-8635 
E-mail: rajkovic@upmc.edu 
Website: http://www.mwrif.org/205 /rajkovic-lab 

The University of Pittsburgh is an Affirmative Action /Equal 
Opportunity Employer. 


POSTDOCTORAL POSITION 
Germline Stem Cells 


Studies include culture, differentiation and gene ac- 
tivity of male germline stem cells. See Science 316, 404 
(2007) & PNAS 106, 21672 (2009). Send curricu- 
lum vitae, names of three references, and a letter de- 
scribing research experience to: R. L. Brinster, School 
of Veterinary Medicine, University of Pennsylvania. 
Email: cpope@vet.upenn.edu. 


POSITIONS OPEN 


DEPARTMENT CHAIR 

Pharmacological and Physiological Science 

Saint Louis University, a Catholic Jesuit institution 
dedicated to education, research, service and health 
care, has initiated a national search for the next William 
Beaumont Professor and Chair of the Department of 
Pharmacological and Physiological Science (website: 
http: //medschool.slu.edu/pharmphys). The success- 
ful applicant will have a Ph.D. or M.D. degree, a strong 
record of academic achievement in cellular and molec- 
ular mechanisms of biological processes, a sustained 
record of extramural research funding, administrative 
leadership, experience in both graduate student and 
medical student education, and enthusiasm for men- 
toring junior faculty. Interested candidates should sub- 
mit a cover letter, curriculum vitae, and a description 
of their leadership vision to website: http://jobs.slu. 
edu (Req. ID #20120062). Letters of nomination 
may be sent electronically to Enrico Di Cera, M.D., 
Chair of the Search Committee (e-mail: enrico@ 
slu.edu). 

Saint Louis University is an Affirmative Action/Equal Op- 
portunity Employer, and encourages nominations and applications 
of women and minorities. 


We deliver 
customized job alerts. 


www.ScienceCareers.org 
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